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THE EVOLUTION OF INCOMPATIBILITY 
IN SPECIES OF CENOTHERA 


LESLIE K. CROWE 
John Innes Horticultural Institution, Bayfordbury, Hertford, Herts. 
Received 7.1.55 


1. INTRODUCTION 


RELATED groups of plants often share a common type of incom- 
patibility system. Of those systems which are not associated with 
differences in flower form, an incompatibility which is gametophytic 
appears to be widespread in the Scrophulariacee, Solanacee and Rosacea. 
In these families all the eleven genera which have been studied in 
detail have this type of breeding system. Similarly, in the Compositae, 
a sporophytic incompatibility system has been found in all of the four 
self-sterile genera which have been studied and, in the Crucifere, the 
same system is again present in five genera. 

At the generic level the same likeness in the type of incompatibility 
is found in different species of Nicotiana, Solanum, Petunia, Trifolium, 
Cnothera and Primula (cf. table 1). Indeed, evidence from inter- 
specific hybrids shows that in the first three of these genera, the 
similarity is even closer, for not only is the type of incompatibility 
the same, but the S locus itself is sometimes the same in different 
species of the same genus. 

Within diploid species of the genus Solanum, alleles of the same 
incompatibility gene are present in two distinct species of the Tuberosa 
group. Alleles of a different S gene are distributed amongst five 
species (or sub-species) in the Commersoniana series. 

Hybrids between the two highly self-incompatible species Nicotiana 
alata and N. forgetiana, are often pseudo-fertile (Brieger, 1930). Mather 
(1943) assumes that these two species have the same S locus, but 
different, highly selected, polygenic combinations on which the 
efficiency of the major gene depends. In the hybrids, the balance 
of the polygenic modifiers would be upset, and this would lead to a 
weakening of the incompatibility mechanism. Genes of the self- 
compatible species Petunia axillaris have similarly been found to 
weaken the incompatibility reaction of the alleles S1 and S2 from 
self-sterile P. violacea (Mather, 1943), ¢f. East (1932), Anderson and 
de Winton (1931) and Brieger (1930) on Nicotiana. 

The present study is concerned with the evolution of the incom- 
patibility system in different species of (nethera. The genus includes 
many self-fertile species which preserve heterozygosity by means of 
ring chromosomes coupled with a system of balanced lethals. Apart 

U 








294 L. K. CROWE 


from these self-fertile types, there are also species which are self-sterile 
and five of these are confirmed examples of gametophytic incom- 
patibility (cf table 1). 


TABLE 1 


The relation of the incompatibility of different species 
within the same genus 


Within the six genera in the table all the species have the same type of incompatibility 
system. Some species, which are enclosed in boxes, have the same incompatibility 
locus. (Nicotiana Langsdorffii and Petunia axillaris are self-fertile, but the S locus is the 
same as that in related self-sterile species). 












































| Genus Species Authority 
Soman rand gana 
Heteromorphic | Primula | sinensis | Bateson and Gregory, 1905 
Incompatibility | | obconica | Lewis and Dowrick (unpub.) 
| | officinalis | Dahlgren, 1916 
| | acaulis Gregory, 1915 
| hortensis 
| iliaee \ Ernst, 1936 
| | 
| Trifolium | repens | Atwood, 1940 
| | pratense | Williams and Silow, 1933 
| hybridum | Williams, 1951 
| 
| 
| Gnothera | organensis | Emerson, 1938 
| rhombipetala Hecht, 1944 
| | deltoides 
| pallida -Crowe (unpub. ) 
| missouriensis | 
| = Le ee oF Se A 
Homomorphic Nicotiana || alata ee East and Mangelsdorf, 1925 
Gametophytic | Sorgetiana | €r® || Anderson and de Winton, 193! 
Incompatibility | (Langsdorffii ) Brieger, 1930 
| Petunia (axillaris) | Mather, 1943 
violacea || Harland and Atteck, 1933 
Solanum Caldisii "o | 
subtilis | Pal and Pushkar Nath, 1942 
chacoense 
| arac-papa || Pushkar Nath, 1953 
| ju-juense | Pushkar Nath, 1945 
simplicifolium Black (unpub. see Lewis, 19492) 
boyacense = Ribinii || Carson and Howard, 1942 




















2. MATERIALS AND METHODS 


The species of Gnothera used in these experiments are listed (table 2). 

Our collections accord with the descriptions of the species given by Munz (1930, 
1931, 1932, 1935)» 

Throughout this study, compatibility was determined by pollen-tube growth. 
At 25° C. there is a clear difference in the growth of compatible and incompatible 
pollen tubes from four hours onwards. The styles were normally examined whole 
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after one hour in iodine fixative (Lewis, 1948). When accurate measurements of 
the number and length of individual pollen tubes were required the styles were 
double stained in iodine and cotton blue, the iodine staining the starch granules 
and the cotton blue staining the cytoplasm. 

Under certain conditions when it was necessary to limit the number of pollen 
grains used in a cross, the grains were counted on a slide under low magnification 
before being applied to the stigma. 

In many crosses made for seed, the capsules were painted with an emulsion of 
lanoline and 5 per cent. Fulset, a commercial product containing beta naphthoxy- 
acetic acid. This procedure increased the yield of seed by stimulating the swelling 
of capsules containing only a small number of seeds which would otherwise not 
have developed. 



































TABLE 2 
Subgenus Species Variety Origin Source 
Lavauxia acaulis ae SF | ae Bot. Gdn., Adelaide 
Megapterium| missouriensis | Oklahomensis | SI | ei Bayfordbury 
(Norton) 
Raimannia | rhombipetala aus SI re me 
(Nutt.) 
Euenothera | organensis ah SI | New Mexico} S. Emerson,Pasadena 
Hartmannia | speciosa typica SI ies Bayfordbury 
(Nutt.) 
Anogra deltoides typica (Torr. | SI | California P. A. Munz, Anaheim 
and Frem.) 
runcinata typica SI | New Mexico} D. B. Dunn, New Mexico 
(Engelm.) 
latifolia He | SI | Wyoming A. Hecht, Pullman 
(Rydb.) | 
pallida typica | SI | Washington - a 
(Lindl.) 
trichocalyx ae | SF | Washington es ie 
(Nutt.) | 
SF = Self-fertile SI = Self-sterile 


The Anogra species used were from the Western States of America and had low 
interchange hybridity. Meiosis in the pollen mother cells of O. pallida and O. 
latifolia showed a chain of four chromosomes. Other species of the Anogra group 
had seven bivalents. The hybrids varied. Some had seven bivalents, others, a 
chain of four chromosomes. The cross O. pallida x O. trichocalyx gave two exceptional 
seedlings with a chain of six chromosomes. 


3. GENERAL RESULTS 


The ten species of @nothera were selfed and crossed interspecifically 
in many combinations (cf. ‘fig. 1). All the species were self-incom- 
patible with the exception of O. trichocalyx and O. acaulis, both of 
which gave a full seed set after self-pollination. 

All the crosses between species in different sub-genera were sterile. 
The failure to produce good seed was not due to lack of pollen-tube 
growth in any of the crosses. In many cases large numbers of seeds 
with aborted embryos were formed but even when no seed whatever 
was produced, observation of the pollen tubes 24 hours after pollina- 
tion showed that they were at the base of the style. 
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The only crosses to produce viable seed were amongst the five 
species in the sub-genus Anogra. All the combinations were fertile 
with the exception of the cross O. runcinata x O. deltoides. 

The Anogra group includes the self-compatible O. trichocalyx and 
the four self-incompatible species O. deltoides, O. pallida, O. latifolia 
and QO. runcinata. A preliminary study of O. pallida and O. deltoides 
showed that the incompatibility system in these two species is of the 
multiple allelic gametophytic type. This conclusion is based on 
observations of F, and backcross families which gave the straight- 
forward results expected with this system. 








ANOGRA 
= 2 ie 
. = 
a e S = e 
— 2%: 3 2 $ 3 
= § >eskes a 
> 3 s §€§ &$ 2 & 3 3 
sec PSs ££ ee 8 BS 
* ¢ 6 € & © &é SF 8 e 
°o 
O. ecaulis ejlelie 
O. speciosa 


O. orgenensis FERTILE 


O, missourien sis 
INVIABLE SEED 


O. rhombipetale 


LION 


. 
O. trichocelyx NO SEED. 
O. pallida 
< NOT TESTED 
@ |O. latifolie 
° 
z 
< 1/0, deltoides 
10. runcinete csl@e@letets 





Fic. 1.—The fertility of interspecific crosses in 10 species 
of nothera. 


O. latifolia and O. runcinata were represented by single plants. 
It was therefore impossible to test their intra-specific behaviour, but 
for the purposes of this study they are assumed to have the same 
genetic mechanism as the related species. This was later confirmed 
by the behaviour of their hybrids. 

The genetics of the @nothera hybrids is complicated by two factors. 
Firstly, the behaviour of self-sterility alleles in the cytoplasm of O. 
trichocalyx is abnormal. This point will be dealt with in detail in 
a later section. Secondly, the plant of O. runcinata carried a 
gametophytic lethal gene linked with one of the incompatibility 
alleles. This fact caused disturbed ratios and reciprocal differences 
in compatibility between plants. In describing the behaviour of 
hybrids between the four self-sterile species, anomalies due to the 
lethal gene will be mentioned briefly in passing leaving the detailed 
explanation until later. 











Naa 
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4. INTERSPECIFIC HYBRIDS OF THE FOUR SELF-INCOMPATIBLE 
SPECIES 


F, generations 


The F, hybrids of the self-incompatible species were themselves 
self-incompatible. Plants within each family were intercrossed in 
all possible combinations. A summary of the results is given in 
table 3. The number of mating groups in the families varied. Large 
families contained four groups, while in smaller ones, only two or 
three groups were represented which can be attributed to the small 
samples available for testing. 


TABLE 3 


The distribution of mating types in F, hybrids of four 
self-incompatible species of CEnothera 














No. of Proportion of plants 
Cross mating groups in each group 

O. pallida x O. latifolia 4 $:2:2:2 
Reciprocal . 3 ve ee 

O. pallida x O. deltoides 4 3:3:2:3 
Reciprocal . 4 RIMS eo 

O. pallida x O. runcinata 3 12:8:1:0* 
Reciprocal . 3 CE Se ae 

O. latifolia x O. deltoides . ? I 4 6: 23 
Reciprocal . ? : ‘ sl 3 | 3:2:2:0 

O. latifolia x O. runcinata ‘ 4 ; 2 | G2V2O56¢ 
Reciprocal . : ‘ . : | 2 | Ot3:s320 

O. deltoidesx O. runcinata ; ‘ 4 i gcaicn* 
Reciprocal . | 











* The disturbed ratio in these families is caused by a gametophytic lethal gene in O. 
runcinata pollen. 


Plants within the same group were cross-incompatible. Plants 
in different groups were reciprocally compatible. These relationships 
were as clear cut as in intra-specific crosses. In no case was the 
result ambiguous. The growth of incompatible pollen tubes was 
confined to the stigma while compatible pollen was at the base of the 
style after eight hours. 

The only remarkable thing about these F, families is that the 
mating types in crosses with QO. runcinata as the male parent show a 
striking deviation from the expected ratios. This is one of the anomalies 
caused by the presence of the pollen lethal in O. runcinata. 

Normally, in fully compatible crosses in which there is no allele 
in common between the parents, we expect to find the same mating 
groups in reciprocal progeny. For this reason reciprocal hybrids 
were intercrossed using single plants from each mating group. Only 
in crosses between O. pallida and O. deltoides were four groups present 

U2 
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in both families, and here the results fully confirmed that each class 
present in one cross was also represented in the reciprocal. Results 
from families involving other species conformed with this conclusion 
although the data were necessarily incomplete. 


Backcross families 


Single F, plants from six families were crossed reciprocally with 
at least one of their parents. (Refer to table 4 for details.) The 
families include all combinations of the four species. 

All the progeny from these crosses were self-incompatible. Two 
cross-compatible sibs in each family were used as testers and the 
rest of the plants were classified on their ability to cross with them. 
In every family two intra-sterile inter-fertile mating groups were 
found, with the exceptions that, one family consisted of one plant 
only, and in the progeny from the crosses.O. runcinata x (O. runcinata x 
O. pallida) and O. runcinata x(O. deltoides xO. runcinata) there was a 
reciprocal difference in compatibility between the two groups, caused 
by the lethal gene. 

Reciprocal backcross families were intercrossed using single plants 
from each mating group. There was always incompatibility between 
one class in reciprocal families. This common genotype was com- 
patible as pollen on both parents. The other genotypes were 
incompatible with their pollen parent, but compatible with the 
female (cf. table 4). There are four exceptions to this rule, all of 
which can be attributed to the lethal gene in O. runcinata. 

These results are consistent with the regular behaviour of F, 
families and are to be expected if the S loci in the four species are 
homologous. 


F, generations 


It was impractical to raise large F, families because the seed from 
F, sib crosses gave a very low percentage of germination. This fact 
is important in so far as it confirms that the differences between the 
four Cnotheras from which the hybrids were produced are of specific 
rank. Three families of F, plants were obtained from crossing com- 
patible sibs selected at random from the F,’s (0. pallida x O. latifolia), 
(O. deltoidesxO. pallida) and (O. deltoides xO. runcinata). Progeny 
from the first two crosses were of two genotypes ; and in the third 
cross, four genotypes were present. All the plants were self-incom- 
patible and reciprocally cross incompatible with other plants in the 
same group. Crosses between members of different groups gave only 
compatible results. 

Thus, in hybrids of the four species O. pallida, O. deltoides, O. 
latifolia and O. runcinata, no evidence has been found in F,, F, or 
backcross families of segregation of different incompatibility loci. The 
regularity of the results leaves no doubt that the locus is homologous 
in these species. 
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The efficiency of the ‘S alleles in the F,, and in particular in the 
F, and backcross hybrids, is equal to that within the species when 


TABLE 4 
The behaviour of progeny from reciprocal backcrosses between 


F, hybrids and the parent species 





















































Progeny 
b a 
Parents No. of Group I Group II 
| mating 
| ‘YP | No. | xg t! x2 | No. | xg | xg 
‘nilamientated BS Weacanre |-— segs ORE 
(O. pallida x O. latifolia) | | 
xO. latifolia. oe 3 — | + 5 + | 
Reciprocal | 2 4 _ + 4 aa) ee = 
ee serene nani sa anaes) icine aaa haa 
| (O. ‘runcinata x O. latifolia) x O. r o - 
| Reciprocal . ; ‘ 2 5 — | + 3 —* 
| 
| (O. runcinata x O. latifolia) 
x O. latifolia 2 3 = ’ 1 Le ae 
Reciprocal | 4 es + 2 at +. 
(O. deltoides x O. pallida) 
xO. deltoides) . , ; 2 4 = + 6 + “+ 
Reciprocal . ; ; 2 5 _ L 3 a Sa 
arene maaan: email ean Cae 2 See S| 
(O. deltoides x O. latifolia) 
x O. deltnides oY <9 2 + 5 + + 
Reciprocal . ‘ , : 2 3 — + 2 | + | ao 
| 
(O. deltoides x O. latifolia) 
x0. latifolia. ‘ : 2 4 — | + 3 + + 
Reciprocal. : : : 2 I | — | +) 2 a + 
| 
er 2 aE ere ee, coe] cea BF sac aaa! paren) Serbia) Woe 2 = 
(O. deltoides x O. runcinata) | 
x O. deltoides ; 7, : 2 . | + 7 oo - 
Reciprocal . : : ‘ i —- | c+ 3 + + 
| 
(O. deltoides x O. runcinata) | | 
xO. runcinata . , ‘ I I a fe ace vee | ees 
Reciprocal . : ; : 2 | 3 — | + | 4 —*;} + 
| | 
ne ee ee ee 9 SSM aeeeaie! (CARN AAMTMIR! Sela: Otc: 
(O. pallida x O. runcinata) 
xO. runcinata . ‘ - | 2 2 — + 4 + | + 
Reciprocal . : - 2 ee | 2 - + I —*; + 











* The exceptional behaviour of these groups is caused by the gametophytic lethal gene 
in O. runcinata. 
t Male (xd) and female (x Q) parents used as female testers. 


judged on the criterion of pollen-tube growth. It must be concluded 
therefore that the non-allelic modifying genes in the species are also 
alike. 
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5. A GAMETOPHYTIC LETHAL GENE IN 0. RUNCINATA 


The progeny of crosses between QO. runcinata and O. pallida are 
reciprocally different. Several characters are affected by the direction 
of the cross, and these are listed in table 5. 

The variegation and male sterility occur only in crosses between 
O. pallida and O. runcinata. They are reminiscent of the differences 
in the two crosses between O. hookert and O. muricata described by 
Renner. 

The reciprocal differences in viability and in the frequency of the 
four mating groups are common to all O. runcinata hybrids. It is the 
cause of the uneven distribution of the mating groups in families 


TABLE 5 


The reciprocal differences in F, hybrids from 
O. pallida and O. runcinata 








O. pallida x O. runcinata O. runcinata x O. pallida 
I Green leaves Variegated leaves 
2 | Fertile pollen Pollen partially or completely sterile 
3 | High proportion of viable seed Low proportion of viable seed 
4 | Uneven frequency of different mating | Normal frequency of different mating 
groups groups 

















with QO. runcinata as a male parent which is of prime importance in 
this study. 

Briefly recalling table 3, the situation is that the cross O. pallida » 
O. runcinata gave an uneven frequency of mating groups (12 : 8: 1: 0). 
This was also true of the cross O. deltoides x O. runcinata (11 :5:1: 1). 
The reciprocal cross between O. deltoides and O. runcinata was sterile, 
but five plants were obtained from the cross O. runcinata x O. pallida 
and amongst these the frequency of the different mating groups was 
normal (3:0:1:1) taking into account the small number of 
plants. 

The obvious explanation for these facts is that one of the S alleles 
present in the pollen of O. runcinata does not get through the recipient 
styles except in rare cases. The presence of a common S allele does 
not account for the results, because of the reciprocal difference and 
the presence of a small proportion of the two deficient groups. But if 
one of the alleles of O. runcinata is linked with a gene which is lethal 
in the pollen but not in the ovule, this would give results similar to 
those that have been observed. Such a gene has been found in 0. 
organensis by Emerson (1941). The pollen of O. runcinata was examined 
and about 50 per cent. of the pollen grains were obviously sterile 
being small and shrivelled without any starch granules. The actual 
figures were 658 sterile pollen grains to 603 normal ones. 














ee 
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If we denote the incompatibility alleles in O. pallida as S1.2 and 
in O. runcinata as S3‘.4, S3" being the allele to which the lethal gene is 
linked, then from the behaviour of the F, hybrids, which is summarised 


in fig. 2, we can deduce that the progeny from reciprocal crosses have 
the following genotypes :— 


Parents Progeny 
O. pallida x O. runcinata S1.4 S2.4 $1.3 (after crossing-over) 
(S1.2) (S3".4) 
O. runcinata x O. pallida $1.4 $1.3" S2.3" 
(S3".4) (S1.2) 


fox O.PALLIDA ¥ O.RUNCINATA| O.RUNCINATA X O.PALLIDA 


* & | 
ae : | gp geo el 


INCOMPATIBLE. 














PALLIOA KX O.RUCINATA 
y 
nn 
— 






je 




















O.RUNCINATA K O.PALLIDA 


Fic. 2—The effect of the pollen lethal gene in O. runcinata on the compatibility relations of 
F, hybrids from reciprocal crosses between O. pallida (S1.2) and O. runcinata (S3¥.4). 


Note.—The occasional pollen tubes observed in the crosses $1.4. S1.3t, S1.4X 
$31.4 and S2.4 x S3l.4 can be explained by crossing over between S3 and the lethal 
gene L. 


Of the three mating types from the cross with O. runcinata as the 
male parent the S1.3 type is the deficient group with only one plant. 

The other genotype expected after crossing-over is $2.3. This 
was absent in the progeny from the cross O. pallida xO. runcinata but 
as the sample tested was small this fact is without significance. 

The absence of the lethal in this single S1.3 plant is confirmed 
by the compatibility of the cross S1.4 x S1.3 and can be explained 
as the result of a cross-over between the lethal gene and the com- 
patibility locus. 

Pollen of an S1.3" plant from the reciprocal cross is incompatible 
on S1.4 styles and so, too is pollen of an S2.3" plant on S2.4 styles. 
This conforms with the theory that the lethal gene can be transmitted 
by the female parent. 

Seed from further crosses was obtained to confirm the validity of 
the theory. Details of these families will be found in table 6. The 
results given in the right-hand column are based on exhaustive tests 
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with the fifty-one mature plants obtained from the crosses. The 
plants were crossed amongst themselves and also'with the F, genotypes 
$1.4, $2.4, S1.3 and S2.3". 

Progeny suspected of being $3.4 or S1.2 could not be tested with 
the parent plants because these were no longer alive. It was anticipated 
that crosses 1 and 2 in table 6 would each give S3.4 in their progeny 
and this genotype would be the only one common to both families. 


TABLE 6 


The inheritance of a pollen lethal gene linked with 
the S3 allele in O. runcinata 























No. of | 
=e us No.of | No.of te "Genotypes 
Test cross | pollinations seeds re of progeny 
| } 
a 
| F, x O. runcinata } | 
1. | S1.4x Sgt.4 . oul 40 | Is $3.4 whe S2.4 ft 
42 2:6:1 
2. | S2.4xSgt.4 . “| 38 205 $3.4 $2.3 
| | 2:4 
O. runcinata X F , 
3. | Sgt.4xS1.4 . se) 11 2r | $1.4 $1.3t 
| 56 2:1 
4. | S3'.4x S24 . - | 7 | 79 J 
F,xF, 
5. | $1.9x $1.4 4 5 A de $1.4 
6. | S1.3xS2.4 . | 7 23 J $2.4 
™ | St4XG1g . = 9 86 \ - $1.3 
8 | Se4xS1.3 . 7 61 9 $3.4 
g. | S1.4xS1.3t . | 29 | 45 oo $1.3 
10. | S2.4x$1.3' . mi 28 112 f S1.2 $1.4 $3.4 
: | 3 
| 4:3:2 
11. | Sr.gtxS1.4 . = 7 17 | S3t.4 
12. | S1.gt x S2.4 . sO) 6 98 | ; 
13. | S2.gtxS1.4 . ; 16 95 | 5°3 | $1.2 
14. $2.31 x S2.4 . ae 17 94 | $2.4 S34 
| | 4: 
| 








* The differences in the number of seeds set in crosses with the lethal gene present 
in the pollen as compared with others are slight. This is probably due to the masking 
effect of the overall sterility which is high. 


+ The S2.4 genotype is a result of contamination. 


It was, therefore, comparatively simple to pick out these plants and 
they were used as the $3.4 testers throughout. Plants which were 
compatible with all the available testers were assumed to be S1.2. 

Although the poor germination has resulted in some gaps in the 
data, fifty out of the fifty-one plants gave results which are in agree- 
ment with theory. Families 3 and 11 in which the lethal gene was 
present in the female parent gave S3" types in the progeny. It was 
not possible to determine whether the lethal was present in the 
progeny in family 14 because all the plants were male sterile. The 
lethal gene was never transmitted by the male parent. 
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The one plant which did not fit in with the scheme was the S2.4 
genotype in family 1. This can only be accounted for by contamination. 

The existence of gametophytic lethal genes linked with the S 
locus in species of Cnothera which are self-incompatible and which 
do not form large rings of chromosomes, is a most interesting link 
with the self-fertile species in the genus which are permanent hetero- 
zygotes by the alternative mechanism of balanced lethals. 


6. THE S$ LOCUS IN 0. TRICHOCALYX 
(i) Genetics 


Reciprocal hybrids from crosses between the self-fertile species 
O. trichocalyx and the four self-incompatible species were self-fertile. 
Only the hybrids between O. pallida and O. trichocalyx were studied 
in detail. 

If O. trtchocalyx is represented as Sf.f, f being an allele with no 
incompatibility properties, and O. pallida as S1.2, then the F, hybrids 
should include equal numbers of the two self-fertile classes Sf.1 and 
Sf.2. We must expect these two classes to be compatible amongst 
themselves and reciprocally compatible with both parents because of 
the presence of the Sf allele. Assuming that the expression of S1 
and S2 specificity is unaffected in the hybrids by genes introduced 
from OQ. trichocalyx, crosses between F, hybrids will be of two kinds. 
(1) Sfi1 x Sfi1 and Sf.2 x Sfi2, which will give only self-fertile plants, 
and (2) Sf.1 xSf.2 and Sf.2xSf.1, which will give segregating 
families of three self-fertile classes, Sf.f, Sf.1 and Sf.2 to one self-sterile 
class $1.2. Crossed as male on to S1.2 both the F, genotypes will 
give self-fertile progeny Sf.1 and Sf.2. The reciprocal cross, however, 
should segregate to give families in which half the plants are self- 
sterile S1.2 types and the rest either Sf.1 or Sf.2. 

O. pallida xO. trichocalyx. The F, generation in the cross 0. 
pallida x O. trichocalyx consisted of eighteen self-fertile plants. Thirty-six 
sib crosses made at random were all compatible. All the F, plants 
were reciprocally compatible with O. trichocalyx and O. pallida. 

Self-pollination of eight F, plants produced only self-fertile progeny 
(cf. table 7). 

Of seven families raised from crosses between F, sibs, four consisted 
of self-fertile plants only, but the other three segregated into self-fertile 
and self-sterile classes (cf. table 7). The eight self-sterile plants obtained 
were cross-incompatible as was expected. These results make it 
possible to distinguish between the Sf.1 and Sf.2 types in the F,. 
Plants 1, 5, 7 and 8 are of one class and 2, 3, 4 and 6 are of the other. 

Four F, plants were crossed with pollen from the female parent 
S1.2. Progeny from these crosses segregated into self-fertile and 
self-sterile groups while the reciprocal crosses, as anticipated, gave 
only self-fertile plants. 

From the behaviour of these hybrids there is no evidence that genes 
introduced by O. trichocalyx are having any effect on the efficiency of 
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the incompatibility reaction of S1 and S2 from O. pallida. There is, 
however, some deviation from the expected ratios of self-fertile and 
self-sterile plants. 

TABLE 7 


The behaviour of families descended from hybrids 
Srom the cross O. pallida x O. trichocalyx 



































| Progeny 
Parents on aoe eee 
Self-fertile Self-sterile 
F, selfed 1 Selfed . : : : 7 
2 9 . . e . 5 
3» 9 
4 » 2 
5 ” 12 
8 
7 ” 10 
8 9 
| F, sib crosses «1 2S 6 3 
2X3 7 ne 
8x7 7 
5x6 4 3 
4X5 3 2 
7X1 6 
3x6 5 
F, x O. pallida . | 1X0. pallida. ; , 6 5 
ox 4s . . : 5 3 
3x ” . . . 9 7 
4X ” . " 4 
O. pallidax F, . | O. pallidax1 . . ‘ 8 
9 x2 ‘ ‘ ’ 9 
- we. . 7 
99 x4 ° ‘ . 10 
F, X O. trichocalyx . | 3x O. trichocalyx : : 8 
4X ” . . 6 ] 
be x ” . . IT | 











These disturbed ratios may be due either to partial zygotic 
inviability or to selection of certain pollen genotypes. ‘The back- 
crosses, Sf.1 x S1.2 and Sf.2 x S1.2, give a deficiency of S1.2. . This 
deficiency cannot be due to selection of pollen genotypes because 
in each of the crosses one class of pollen is incompatible and therefore 
only the one compatible type functions. The deficiency must therefore 
be due to partial zygotic inviability. 

The sib crosses Sf.1 x Sf.2 and the reciprocal, on the other hand, 
deviate in the opposite direction and give an excess of S1.2 types. It 
must be presumed that the same partial lethality of S1.2 is operating 
in these crosses, and thus, the excess of the S1.2 class can only be due 
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to a very strong selection favouring S1 and Se pollen in competition 
with Sf. 

If the figures of the two classes of F, sib crosses are adjusted for 
the zygotic lethality estimated from the backcross families, then the 
deviations in the F, sib crosses due to selection against Sf pollen are 
highly significant (cf. fig. 3). 

The full import of this selection against Sf pollen will be apparent 
later when the selection of certain pollen genotypes in F, plants 
which come from the reciprocal cross, O. trichocalyx xO. pallida, has 
been described. 

O. trichocalyx xO. pallida. The behaviour of the twenty-six self- 
fertile, F, plants obtained from the cross Sf.f x S1.2 is summarised in 
table 8. The results are those expected and agree with the results 
obtained from the reciprocal cross with one exception. Eleven families 
produced by intercrossing eight different F, plants gave progeny 
consisting entirely of self-fertile plants. 





OBSERVED RATIO | X [LETHALITY OF S,2 
Gu) ss) oSF 
xX Gua) 19 27 1-391 30 % 
ADJUSTED RATIO! 2X* 
Sf. x ss SF 
8 13 1-921 W 13 5610 
G2) x Gu) 


Fic. 3.—The lethality of S1.2 zygotes is calculated from the observed deviation from the 
expected 1:1 ratio in the backcross family. In the sib crosses the deviation from a 
3:1 ratio is significant when the observed figures are adjusted for the lethality of 
S1.2 zygotes. 





























There are several possible explanations for this fact. 


(1) The intercrossed F, plants may all have been of the same 
genotype, either Sf.1 or Sf.2. 

(2) Sr or Se pollen of the F, may be inviable. 

(3) S1.2 zygotes of the F, may be inviable. 

(4) Sf pollen may grow faster than S1 and Se pollen and 
fertilise a disproportionate number of the available ovules. 

First of all, if there are both Sf.1 and Sf.2 genotypes present 
amongst the eight F, plants then, by crossing them with a plant of 
O. pallida which is genotypically $3.4, four different classes of self- 
sterile plants should be present in the progeny as opposed to two classes 
if only one of the genotypes is represented. Sf.1 x S3.4 should give 
$1.3 and S1.4. Sf.2 x $3.4 should give S2.3. and S2.4. 

Secondly, if S1 or S2 pollen is sterile, it should be possible to ~ 
detect the fact by counting the proportion of bad pollen grains in the 
hybrids. The pollen of the eight hybrids which were intercrossed 
was examined. Between 60 and 80 per cent. of the pollen grains 
appeared quite normal and the germination varied from 46-74 per 
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cent. If one type of pollen is sterile 50 per cent. or more of the pollen 
should be abnormal in appearance or fail to germinate. 


TABLE 8 


The behaviour of families descended from hybrids 
Jrom the cross O. trichocalyx x O. pallida 





























Progeny 
| Parents ~ 
| | 
| | Self-fertile Self-sterile 
— | . ; 
F, selfed . . | 12 Selfed ae: 10 
| i ‘ ; : 7 
20 =, ‘ : ‘ 8 
/ 25» ‘ : ; 12 
| mo x : ‘ ‘ 10 } 
| I — 
h | 
F, sib crosses .| 26x25. : : , 8 
| 12X25 (tw : : . II | 
| 13x25. : : ; 9 
| 10X25 ‘ : ; 14 | 
| 14X25. , , : 6 j 
20X25. ‘ ‘ : 9 | 
| 23X25. P ‘ 4 10 | 
25x26. ; : ‘ 5 | 
| 25X13 —t« , ‘ : 12 
25X10. ° . . 9 | 
25X23. : ‘ : 7 
Bae ’ rer ; - bade : 
| F, x O. pallida . | 12xX0., pallida . : : 2 2 
QEX js . . . 9 2 
OX = ss ‘ . : II 3 
14X ‘ , ; ‘ 10 4 
Si a : cca 
O. pallida x F . | O. pallidaxi2 . 6 
| eR ; 7 
| ee ae : : 10 
| is. 8 
| ae | 
F, x O. trichocalyx. . | 12x O. trichocalyx 4 
| 25X 9» 9 
| 10X 4 
| 14X 6 





Thirdly, it is unlikely that S1.2 zygotes in the F, are wholly 
inviable because they have occurred in backcross families with 0. 
pallida as the male parent. 

Fourthly, if Sf pollen achieves fertilisation more frequently than 
S1 or S2 because it grows more quickly, then by repeating the same 
sib crosses using a limited number of pollen grains, a proportion of 
self-sterile plants should be recovered. There are approximately 
two hundred ovules in the ovary of the hybrids, thus one hundred 
pollen grains of an Sf.1 plant on an Sf.2 stigma will leave enough 
ovules for slow growing pollen to fertilise. 
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Crossing the F, plants with an unrelated plant of O. pallida (S3.4) 
and the repetition of the sib crosses gave clear-cut results. Both 
Sf.1 and Sf.2 genotypes were identified. From the results of the 
crosses with S3.4, plants 10, 12, 13 and 20 are of one type and 14, 
23, 25 and 26 are in the opposite class. 

The repeated sib crosses from restricted pollination confirmed this 
classification, crosses between sibs in different groups giving a pro- 
portion of self-sterile progeny. This evidence strongly suggests that the 
abnormal behaviour of the intercrossed F, plants is due to the Sf 
pollen growing faster than either S1 or S2 pollen. The problem now 
is whether the slower growth of S1 and Se is caused by the recipient 
style or the nature of the pollen. 

The crosses between F, hybrids from the crosses O. trichocalyx x 
O. pallida and O. pallida xO. trichocalyx settle this point. If the cause 
is inherent in the pollen, then no self-sterile plants should occur in the 
crosses Sf.1 x Sf.2 and Sf.2xSf.1 when O. trichocalyx xO. pallida 
hybrids are used as pollen parents. On the other hand if the cause 
lies in the nature of the style, then no self-sterile plants should occur 
in similar crosses when O. trichocalyx xO. pallida hybrids are used as 
female parents. This would be particularly significant since as we 
have seen, pollen from Sf.1 and Sf.2 plants with O. pallida cytoplasm 
usually produces an excess of the self-sterile class. 

The results in fig. 4 show that there is no effect produced by 0. 
trichocalyx cytoplasm in the style, for while the proportion of self- 
sterile plants from these crosses appears low, this can be attributed 
to the lethality of S1.2 zygotes. This factor affects 70 per cent. of 
the potential S1.2 progeny when estimated from backcross data. 
But even allowing for this lethality, the absence of the S1.2 class in 
families where O. trichocalyx cytoplasm is present in the pollen parent 
is significant. Thus the cause of the absence of S1.2 types can be 
attributed solely to the pollen from Sf.1 and Sf.2 plants with O. 
trichocalyx cytoplasm. 

There is therefore a cytoplasmic difference between the two 
species O. trichocalyx and O. pallida. This is manifest by the selection 
of different pollen genotypes in the reciprocal hybrids. With cytoplasm 
derived from O. pallida in the pollen grain of an F, hybrid, there is 
strong selection against Sf pollen tubes. With cytoplasm derived 
from O. trichocalyx in the pollen, there is even stronger selection against 
S1 and Se. Detailed observations of pollen-tube growth show that 
this selection can, as has been anticipated, be attributed to a difference 
in the growth rate of the various pollen genotypes. 


(ii) Pollen-tube growth 


As a preliminary step, the pollen-tube growth in compatible 
intra-specific crosses was plotted (¢f. fig. 5). Compatible pollen tubes 
of both O. pallida and O. trichocalyx vary considerably in length. In 
both species the pollen tubes have a skew distribution with the peak 
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at the higher end of the scale. In O. pallida the mode is between 33 
and 35 mm. and in 0. trichocalyx between 42 and 46 mm. 

In the inter-specific crosses Sf.fxS1.2 and the reciprocal, the 
distribution of pollen-tube ends from the pollen of each species repeats 
its characteristic pattern (¢f. fig. 5). 

The distribution of pollen tubes in crosses between the O. pallida x 
O. trichocalyx F, hybrids, shows marked bimodality in the crosses 
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Fic. 4.—The effects of O. trichocalyx cytoplasm in the pollen from Sf.1 and Sf.2 plants on 
the fertilising ability of S1 and S2 pollen. 


Sf.1 x Sfi1 and Sf.2 x Sfi2 (fig. 6). Half the pollen tubes are less 
than 1 mm. long and these are presumed to come from the incom- 
patible S1 and Se pollen grains. The rest of the pollen, the Sf class, 
produces longer pollen tubes with a mode between 35 and 37 mm. 
In crosses between the Sf.1 and the Sf.2 hybrids, a much smaller 
proportion of the pollen tubes are less than 1 mm. in length. These 
occasional short tubes are a regular feature in crosses known to be 
fully compatible. The bulk of the pollen tubes, which from the 
genotypes occurring in the progeny from these crosses must include 
S1 and S2 pollen as well as the Sf class, repeat the distribution curve 
of Sf pollen (fig. 6). 

















\¥ 


My 


“7 oe 











THE EVOLUTION OF INCOMPATIBILITY 309 





©, TRICHOCALYX X O. TRICHOCALYX 
Set Stt 


8 





10] O.PALLIDA X ©, TRICHOCALYX 
‘ Si2 Ses 








O,PALLIDA X O.PALLIDA 
$3.4 Si2 


NO. OF POLLEN TUBES 
yt ~ 

‘ : 

4 : 

Pe] | | | | 

















ICHOCALYX X O.PALLIDA 
64 Stt Si2 


44 

















10 


{= 


20 30 
MxPROPORTION OF POLLEN LENGTH (MMS.) 
TUBES UNDER ' MM, 
Fic. 5.—The growth of O. trichocalyx and O. pallida pollen in intra- and 
inter-specific crosses. 
Note-—The small numbers of very short pollen tubes (less than 1 mm.) are 
observed in many fully compatible crosses. 
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Fic. 6.—The growth of pollen tubes in sib crosses between S1.f and S2.f plants from the 
cross O. pallida x O. trichocalyx. 

Note.—In the crosses Sf.1 x Sf.1 and Sf.2 x Sf.2 about half of the pollen tubes are 
less than 1 mm. long and can, therefore, be classified as incompatible. In the cross 
Sf.1 x Sf.2 and the reciprocal there are only a few pollen tubes, no more than are 
normally found in fully compatible crosses (cf. ti . 4). 

O = O. pallida cytoplasm. 
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The results from Sf.1 x Sfi1 and Sf.2 x Sf.2 crosses in O. tricho- 
calyx xO. pallida hybrids, where only Sf pollen will grow, show the 
same clear-cut bimodality as their counterparts from the reciprocal 
cross. The higher mode can again be attributed to the Sf pollen 
(¢f. fig. 7). 

In crosses between Sf.1 and Sf.2 where both pollen genotypes 
will grow there is, however, a marked difference between the reciprocal 
hybrids. With O. trichocalyx cytoplasm, apart from the few very short 
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Fic. 7.—The growth of pollen tubes in sib crosses between Sf.1 and Sf.2 plants from the 
cross O. trichocalyx x O. pallida. 


Note.—As in fig. 5, approximately half the pollen tubes in crosses Sf.1 x Sf.1 and 
Sf.2 x Sf.2 are incompatible. In crosses between Sf.1 and Sf.2 the number of pollen 
tubes which are less than 1 mm. long is small but a very high proportion of the pollen 
tubes are less than 25 mm. in length. 


0 = O. trichocalyx cytoplasm. 


pollen tubes, there is one peak but it is in the region of 20 mm. instead 
of 37 mm. (fig. 7). The range of pollen-tube growth is the same as 
in the other crosses but there is a great increase in the numbers at the 
lower end of the scale. These crosses are the ones which failed to 
give any self-sterile progeny after normal pollination, and the distribu- 
tion of pollen tubes conforms with the conclusion that this is caused 
by the difference in the rate of growth between Sf pollen on one hand 
and S1 and Sg pollen on the other, the lower peak being due to the 
retarded S1 and Se pollen tubes. 
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It is interesting now to see how the self-sterile S1.2 plants with 
Q. trichocalyx cytoplasm obtained by restricted pollinations behave, 
for this will reveal whether the slow growth of S1 and S2 pollen tubes 


is entirely caused by the cytoplasm from O. trichocalyx or whether it 
also depends on the presence of Sf. 


The amount of good pollen in the different S1.2 plants varied 
from 40-79 per cent. 


These self-sterile plants produce no long pollen tubes when crossed 
amongst themselves or when crossed with plants of O. pallida of the 
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Fic. 8.—The effect of the cytoplasm on the growth of S1 pollen from $1.2 hybrids. 
Note.—With 0. trichocalyx cytoplasm half the pollen (S1) is incompatible in the 
cross Sf.1 x S1.2 but S2 grows normally. In the cross Sf.2 x S1.2 in which Sr pollen 
tubes should be fully compatible, a very small proportion are more than 1 mm. in 
length and many of these are less than 10 mm, long. 


same genotype. When crossed as male on to Sf.1, half the pollen 
tubes are inhibited in the stigma and these are presumably the incom- 
patible S1 pollen tubes. S2 pollen, however, grows at the normal 
rate producing a second peak at 35 mm. (cf. fig. 8). Thus the slow 
growth of S2 pollen in F, sib crosses is caused by the joint action of 
O. trichocalyx cytoplasm and the Sf allele during the development of 
the pollen. 

The cross Sf.2 xS1.2 gave a different and totally unexpected 
result. With six different S1.2 plants, 80-go per cent. of the pollen 
tubes were less then 1 mm. in length and of the remainder about half 
were under 14 mm. long (see fig. 8). The same cross with two other 
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S1.2 individuals produced no long pollen tubes at all. Sr pollen is, 
therefore, retarded by the presence of O. trichocalyx cytoplasm when 
either Sf or Se is present. 

These crosses were repeated with a single $1.2 individual descended 
from the O. pallida x O. trichocalyx hybrids. In this plant only about 
40 per cent. of the pollen was viable, but in both crosses half the 
good pollen grains produced long pollen tubes (fig. 8). 

The incompatibility reaction of the S1 and Se alleles in O. 
trichocalyx x O. pallida hybrids is not affected. Both pollen genotypes 
are strongly inhibited in incompatible styles. It is their ability to 
grow normally in compatible styles which is impaired. To confirm 
that the cause of this is not associated with incompatibility, a number 
of the critical crosses were repeated at two different temperatures. 

The effect of temperature on the growth of compatible and in- 
compatible pollen tubes has been described by Lewis (1942). In 
O. organensis, at low temperatures there is only a small difference 
between the rate of growth of compatible and incompatible pollen 
tubes. As the temperature increases incompatible pollen tubes make 
less growth and compatible pollen grows more rapidly up to a point 
between 25° and 30° C. when the maximum divergence in the growth 
rate of the two kinds of pollen is reached. 

Observations on the pollen-tube growth of O. pallida at different 
temperatures shows exactly the same results. After fifteen hours at 
25° C. incompatible pollen tubes are 1 mm. in length while compatible 
pollen tubes are 45 mm. long. After fifteen hours at 14° C. both 
incompatible and compatible pollen tubes are 20 mm. in length. 

If the slow growth of Sr and Se pollen from O. trichocalyx x O. 
pallida hybrids has any connection with the incompatibility reaction, 
then at low temperatures we would expect more rapid growth in 
relation to Sf pollen while at high temperatures, the difference in the 
rates of growth will increase. 

After four hours at 30° C. instead of the 25° used in previous 
experiments, the relation between the growth rate of the two classes 
of pollen is unchanged, both from Sf.1 and S1.2 plants. The fact 
that all the pollen tubes are shorter than in the corresponding crosses 
at 25° C. is due to the reduction in the time between pollination and 
fixing (cf. fig. 9). 

At 13°C. all the pollen tubes grow much more slowly and, 
therefore, 15 hours were allowed to elapse between making the pollina- 
tions and fixing the styles. At this temperature the difference in the 
pollen tube distribution between the crosses Sf.1 x Sfi1 and Sf.2 x Sfi1 
is no longer apparent. The slow growing pollen S1 in the cross 
Sf.2 x Sf.1 is now less than 1 mm. in length judging from the increased 
number of pollen tubes in this group and the absence of the peak at 
20 mm. Far from increasing the rate of growth of S1 pollen, low 
temperature seems to have exactly the opposite effect. It reduces still 
further the ability of S1 pollen to grow in compatible styles. This 
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fact is confirmed by the pollen tubes in the crosses Sf.2 x S1.2 half 
of which were less than 1 mm. in length at 13°C. This was true 
of the pollen from all S1.2 hybrids with O. trichocalyx cytoplasm. The 
slow growth of S1 and Se pollen is therefore not caused by an 
incompatibility reaction. 


(iii) Hypothesis 


To explain these facts, I propose that the S locus not only controls 
incompatibility but also the production of a substance necessary for 
pollen-tube growth. This is similar to the explanation of Straub 
(1947) for the results of physiological experiments on incompatibility 
in Petunia. On this hypothesis, retarded pollen-tube growth in the 
(Enothera hybrids would be caused by a shortage or absence of the 
growth substance. 
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Fic. 9.—The effect of temperature on the growth of S1 pollen from Sf.1 and S1.2 plants 
with O. trichocalyx cytoplasm, in compatible and incompatible styles. 

Note.—At 30° C. there is no change in the relative growth of S1 and the other 
classes of pollen. At 13°C. the weak growth of Sr at higher temperatures is still 
further reduced. Thus half the pollen tubes (Sr) in the cross S2.f x S1.2 are less than 
1 mm. in length, but the low temperature enables the incompatible S2 pollen tubes 
to grow. Similarly in the fully compatible cross S2.fx S1.f half the pollen tubes are 
less than 1 mm. long. 


We know that S2 pollen from hybrids with cytoplasm derived 
from O. trichocalyx behaves differently, according to the S genotype 
of the plant on which it is borne. When it comes from a plant which 
also carries the Sf allele, then the growth of S2 is always retarded, but 
in the presence of Sr it grows normally. S2 and Sf must therefore 
interact, so that Sf deprives S2 of the hypothetical growth substance. 
Similarly the weak growth of S1 pollen tubes can be attributed to 
interaction of this allele with Sf and Sa. 

The superior efficiency of Sf in competition with S1 and Sa, 
and of S2 with S1, is constant in all the hybrids from the cross O. 
trichocalyx x O. pallida which have been tested. It is concluded, therefore, 
that the ability to produce the growth substance is a property of the 
S alleles themselves. 
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Interaction between S alleles in the pollen occurs in sporophytic 
incompatibility systems, that is when gene action is before meiosis. 
It is also found in diploid pollen grains of autotetraploids with gameto- 
phytic incompatibility when gene action has been proved by X-ray 
experiments (Lewis, 19496) to be after meiosis. Wherever interaction 
occurs in either of the systems, the two alleles are always present in 
the same cell. After meiosis in diploids, the S alleles are isolated from 
each other by the formation of the pollen grain walls. It is only 
before meiosis that they occur in the same cell. It is concluded, 
therefore, that it is at this stage that interaction takes place in the 
hybrids. 

Interaction between alleles has never been found in hybrids with 
cytoplasm derived from O. pallida. All the evidence points to the 
conclusion that S gene action in O. pallida and in hybrids with cyto- 
plasm derived from this species, takes place after meiosis. In O. 
trichocalyx, we do not know when §S gene action takes place, but in 
hybrids with cytoplasm from this source, the interaction of S alleles 
can be explained if gene action is before meiosis. I propose, therefore, 
that the production of the pollen growth substance in the self-fertile 
species O. trichocalyx, takes place before meiosis, and that in hybrids, 
cytoplasm from OQ. ¢richocalyx, imposes this precocious, pre-meiotic 
activity on the alleles S1 and S2 and so creates the conditions for 
interaction between S1, S2 and Sf. 


7. DISCUSSION 


The genetic behaviour of the hybrids especially made in these 
experiments confirms that their parents are correctly classified as 
different species. 

The homology of the S locus in five species of Gnothera has been 
established and is apparently matched by a corresponding similarity 
in the polygenes which affect the expression of the incompatibility 
alleles, for not a single example of weakened specificity was found in 
the hybrids. It is therefore probable that an efficient incompatibility 
system was already present in a common ancestral form from which 
these species have diverged. 

It is particularly interesting that the incompatibility of S alleles 
from O. pallida is not weakened in hybrids by genes introduced by the 
self-fertile species O. trichocalyx. From this fact it is concluded that 
O. trichocalyx is a secondarily self-compatible type which has arisen 
by a change in the major incompatibility gene while the polygenic 
background of the incompatibility system has so far remained unaltered. 

Not only in Gnothera but in all the genera in which a number of 
species have been studied, it seems that the breeding system must 
have been firmly established early in their evolution or perhaps even 
early in the evolution of whole families. 

It is to be expected that selection would most favour out-breeding 
and its accompanying heterozygosity at just the time when speciation 
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is proceeding most rapidly. This is a stage in the history of a genus 
when variation is likely to occur. It is, therefore, not surprising to 
find that whole groups of allied plants share in common the same 
incompatibility locus or, if the relationship is very close that the 
polygenic balance of the breeding system is also the same. 

Leaving the broader implications of the evidence and turning now 
to the actual mechanism of incompatibility, the behaviour of the 
hybrids of O. pallida and O. trichocalyx has been enlightening. The 
analysis is as yet incomplete but despite this fact, the hybrids have 
added to our knowledge in three directions which we will now consider. 


(i) Functions of the S locus 


Interaction between S alleles in the pollen has been shown to 
occur in hybrids with cytoplasm derived from O. ¢richocalyx. In F, 
hybrids which are Sf.1 and Sf.2, the effect of interaction is to slow 
down the growth of S1 and S2 pollen tubes in compatible styles. 
Recent tests with the pollen of seven F, plants with the same genotypes 
have shown the same retarded growth of S1 and S2 pollen tubes. 
Interaction in the F, generation also occurs between the alleles S1 
and S2. Sr pollen is always slow growing when it comes from an 
$1.2 plant while S2 pollen from these plants grows normally. The 
competitive interaction between alleles in the pollen of F, and F, 
hybrids with cytoplasm derived from O. trichocalyx is therefore constant 
and characteristic for each of the genotypes Sf.1, Sf.2 and S1.2. It 
depends on the particular combination of S alleles present. 

Interaction does not affect the incompatibility properties of the 
alleles in these hybrids and this fact together with the evidence on the 
effect of teimperature on the growth of retarded pollen tubes confirms 
that the interaction does not concern the incompatibility antigen. It 
is competition between the alleles themselves for a substance on which 
the growth of the pollen depends. 

The S locus therefore, is of great fundamental importance in the 
physiology of the pollen grain. It is concerned in the production 
of a substance which is essential for the pollen because it decides the 
fitness of the pollen tubes to grow. Another activity of the S locus 
confers the specific incompatibility reaction on the pollen and so 
determines the fitness of the pollen tubes to grow on particular styles. 
It seems that in the evolution of incompatibility, the specificity of the 
pollen has been built up in association with a fundamental growth 
requirement of the pollen. 


(ii) The properties of the pollen-growth substance 
It has been established (1) that the pollen-growth substance is 
distinct from the incompatibility antigen, and (2) that it is essential 
for normal pollen-tube growth. In formulating a working hypothesis 
we have also seen that interaction between the alleles in the production 
of the growth substance can best be explained in terms of sporophytic 
gene action. 
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Thinking of the growth substance in terms of cytoplasmic particles, 
these must presumably be in the pollen mother cells. If there is only 
one growth substance which can be used equally by all the S alleles, 
one pollen genotype must regularly capture a considerably larger 
number of the particles than the other genotype during meiosis and 
the concurrent division of the cytoplasm. Only in this way can the 
difference in the growth rate of pollen tubes of two compatible geno- 
types be explained. Since the pollen grains in the hybrids are very 
constant in size, this uneven distribution of the growth substance can 
be dismissed as most improbable. 

The alternative is that each allele produces a different growth 
substance from a common precursor. Taking Sf.1 pollen from plants 
with O. trichocalyx cytoplasm as an example, Sf must produce more 
of its own particular growth substance than S1. Random distribution 
of the two kinds of growth substance in the cytoplasm of the pollen 
mother cells would ensure that the great majority of Sf and S1 
pollen grains would have a preponderance of the Sf growth substance 
and a corresponding shortage of the Sr growth substance (ef. 
fig. 10). 

If this interpretation of the data is correct, to account for the 
observed handicap on Sr pollen tubes, there must be discrimination 
by the nucleus in the pollen grain between the two different growth 
substances present in the cytoplasm. An S1 nucleus must reject the 
Sf growth substance and utilize only the S1 growth substance. The 
selection of the Sf nucleus must be exactly the opposite. Only when 
the right growth substance is present with the right nucleus is the 
growth of the pollen tubes assured. Consequently what has been 
referred to as the growth substance is not yet in an active state. It 
has still to obtain something from the appropriate S allele in the 
pollen grain nucleus before it is complete. 

It will be clear from fig. 10 that with the earlier production of the 
growth substance in O. t¢richocalyx cytoplasm, in the heterozygote, 
neither S1 nor Sf have as much of their own specific growth substance 
as when this is produced after meiosis. Thus not only does alleleic 
specificity of the growth substance explain the differences observed 
in the growth rate of S1 and Sf pollen, it also accounts for the fact 
that Sf pollen tubes from an Sf.1 plant with O. trichocalyx cytoplasm 
do not grow quite as fast as Sf pollen tubes from homozygous Sf.f 
types (cf. figs. 5 and 7). 

A further advantage of the proposed scheme is that it would provide 
a basis for the evolutionary beginning of an incompatibility mechan- 
ism. At first the activating substance contributed by the nucleus 
would be non-specific and the pollen would grow equally well on 
all styles. Later, as the S alleles evolved, each would superimpose its 
own specific haptene groups on the growth substance which would 
then react incompatibly with specific preformed antibodies in the 
style. 
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3. 10.—A diagram showing two stages in the synthesis of the hypothetical incompatibility 


substance in the pollen. 


Stage 1.—In O. pallida cytoplasm, because the growth substances are produced 
after meiosis, each pollen grain in both homozygous and heterozygous plants has an 
equal amount of its own specific growth substance. In O. trichocalyx cytoplasm, when 
the growth substances are produced before meiosis, the situation in homogeneous 
pollen is unaltered. In heterogeneous pollen there is competition between the alleles, 
and the pollen grains receive a mixture of the two growth substances in which the type 
of the dominant allele is preponderant. 

Stage 2.—In both types of cytoplasm this stage is postmeiotic. The S allele in the 
nucleus of the pollen grain contributes a substance which activates its own specific 
growth substance and no other. In the case of S1 this activating principle is the 
incompatibility antigen. In O. pallida cytoplasm, and in homozygous plants with 
O. trichocalyx cytoplasm, all the particles of the growth substance are activated, but in 
heterozygous plants with O. trichocalyx cytoplasm where the growth substances are 
mixed in the pollen grains, only a proportion of them are activated. 
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(iii) Influence of the cytoplasm on gene action 


Interaction betwen S alleles in the production of the pollen growth 
substance cannot be attributed to the creation of new and untried 
combinations of alleles from different species. Firstly, interaction occurs 
between S1 and Se both of which come from the self-sterile species 
O. pallida, and secondly, while interaction of alleles has never been 
observed in hybrids with cytoplasm derived from O. pallida it occurs 
regularly in both F1 and F2 hybrids with cytoplasm derived from 
O. trichocalyx. It is therefore the cytoplasm which decides whether or 
not the alleles will interact. 

It is interesting that the cytoplasm of F2 hybrids which has been 
derived exclusively from O. trichocalyx but has of course been in contact 
with genes from O. pallida, retains at least one and possibly all of the 
properties of pure O. trichocalyx cytoplasm. 

The non-interaction of S alleles in O. pallida is normal in a species 
with gametophytic incompatibility when gene action is known to 
occur after meiosis. Since non-interaction is also the rule in hybrids 
with cytoplasm derived from O. pallida, it is concluded that there is 
no change in the time of gene action in these plants. 

It is difficult to conceive how interaction of S alleles can occur 
after meiosis when they are separated from each other by the pollen 
grain walls, particularly when in other examples of interaction it 
depends on the alleles being present in the same cell. The immediate 
cause of interaction in the hybrids is therefore attributed to S gene 
action before meiosis. This condition is only found in the presence 
of O. trichocalyx cytoplasm. Thus the time of gene action must be 
under the control of the cytoplasm in the Gnothera hybrids. 

Hybrids of Nicotiana Sandere and N. Langsdorffii described by East 
(1932) also show sporophytic gene action of part of the S complex. 
Pollen from plants with two alleles from NV. Sandere is sterile in the 
presence of N. Langsdorffii cytoplasm but in sibs of these plants in 
which one of the WV. Sandere alleles is replaced by an Sf allele, both 
classes of pollen are viable. The Sf allele can shelter alleles from 
N. Sandere from the deleterious effects of NV. Langsdorffii cytoplasm. 

The sterility of pollen from the genotypes referred to above also 
illustrates the importance of the S locus in the production of functional 
pollen grains. Thus there is corroborative evidence for both sporo- 
phytic gene action and the tripartite nature of the S locus in other 
species. 

We have now discussed in some detail why, and how the competi- 
tion between alleles in pollen from hybrid plants with O. trichocalyx 
cytoplasm takes place. Turning to the reciprocal hybrids with 0. 
pallida cytoplasm we can compare the two. 

In the F, hybrids with O. trichocalyx cytoplasm, Sf pollen tubes 
have an overwhelming advantage over S1 and S2 pollen tubes and 
consequently crosses between Sf.1 and Sf.2 give no self-sterile plants 
unless the pollination technique is adapted to favour the slow growing 
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pollen tubes. Crosses between the same genotypes with O. pallida 
cytoplasm on the other hand, give an excess of the self-sterile class 
and once again the cause lies in the behaviour of the pollen. There 
is strong selection favouring S1 and Se pollen tubes compared with 
Sf in compatible styles; just the reverse of the situation in 0. 
trichocalyx cytoplasm. 

The discrimination between Sf pollen on one hand and Sr and 
S2 on the other is not so extreme in O. pallida cytoplasm, and it also 
acts at a later stage in pollen-tube growth. The slowing down in the 
growth rate of S1 and Se pollen tubes in O. ¢trichocalyx cytoplasm is 
very marked after seven hours growth in the style. The effect of 
O. pallida cytoplasm on the growth of Sf pollen is only just beginning 
after the first seven hours of pollen-tube growth. Comparing the 
growth of Sf pollen from Sff plants of O. trichocalyx with Sf pollen 
tubes from hybrids with O. pallida cytoplasm the latter are slightly 
shorter. 

It is a requisite in the interpretation of competition of alleles in 
O. trichocalyx cytoplasm that the S alleles in the pollen should act 
after meiosis in O. pallida cytoplasm. Therefore the slowing down in 
the growth of Sf pollen in O. pallida cytoplasm cannot be attributed 
to sporophytic gene action and competition. We have already seen 
that the selection of pollen genotypes in O. pallida cytoplasm differs in 
degree and time and, in addition, the absence of competition between 
S1 and Sa in this cytoplasm also suggests that the cause of selection 
is different in the reciprocal hybrids. An alternative explanation is 
that Sf pollen in O. pallida cytoplasm is being weakly inhibited in the 
style. 

It is more difficult to obtain seed from interspecific crosses with 
O. trichocalyx as the male than as the female parent. This reciprocal 
difference in fertility also applies to crosses between Nicotiana alata 
and N. Langsdorffii and again fertility is reduced when pollen of the 
self-fertile species is used. Weak inhibition of Sf pollen therefore 
becomes a more plausible explanation. 

Lewis (1954) after reviewing the interspecific relations of self-fertile 
and self-sterile species concludes that (1) species which are self-fertile, 
and have pollen that is inhibited on the style of a self-sterile species, 
are species with primary self-fertility. (2) Self-fertile species with 
pollen which is not inhibited on a self-sterile style are secondarily 
self-fertile having reverted from a previous self-incompatible condition. 

As we have already seen, the evidence of the polygenic back- 
ground of O. trichocalyx suggests that it is a secondarily self-fertile 
species. Since it is only by careful scrutiny that the inhibition of the 
pollen can be detected, the species may be placed in Lewis’s second 
category with the reservation that there is some inhibition of secondarily 
self-fertile pollen on the styles of self-sterile species, 

As a result of his observations Lewis goes on to propose the 
following theory :—‘‘. .. pollen contains a substance which is 
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probably necessary for the development and in self-sterile species and 
specificities have been imposed on this substance by haptene groups 
produced by the S alleles. In the style S alleles produce preformed 
antibodies to the pollen substance. In primary self-fertile species 
the pollen substance is entirely non-specific and reacts with all stylar 
antibodies ”’. 

Firstly, there is now evidence that the “‘ substance which is probably 
necessary for development” does exist in the pollen and that it is 
essential for pollen-tube growth. Secondly, the attachment of 
specificities to this substance gives a workable scheme which fits all the 
known facts. But we can now elaborate this point because the growth 
substance takes on new properties. There is no longer one growth 
substance but probably as many variations of it as there are alleles. 
This change to a multiplicity of growth substances must have evolved 
with the development of the incompatibility mechanism. 

Finally, while Sf pollen from secondarily self-fertile species does 
grow in styles of self-sterile species it does so with difficulty. The 
inhibition is, however, much less rigorous than that of primary self- 
fertile pollen. Secondary self-fertile pollen apparently retains some 
of its primary non-specific properties but the loss of the specific haptenc 
groups does not completely restore it to the primary condition. 

In the course of the discussion much emphasis has been laid on the 
cytoplasmic differences between the species O. t¢richocalyx and O. 
pallida and the possible effect of polygenic differences has been over- 
looked. Only by continued back-crossing can the complete role of 
the nucleus be determined. The gradual transfer of the genes of one 
species into the cytoplasm of the other will show to what extent the 
nature of the cytoplasm depends on the nucleus and whether any 
of the recognisable differences in the two kinds of cytoplasm are 
indefinitely self-perpetuating. 


8. SUMMARY 


1. Fertile hybrids were obtained from five species of Cnothera in 
the subgenus Anogra (see table 2). 

2. F, and F, and backcross families show that the S locus is 
homologous in these species. The evolution of incompatibility in a 
common ancestor would account for this. 

3. The efficiency of the incompatibility reaction of the S alleles 
in the hybrids is equal to that within the species from which it is 
concluded that the polygenic control of the incompatibility system is 
the same. 

4. There is a cytoplasmic difference between self-sterile O. pallida 
and self-fertile O. trichocalyx. This affects the behaviour of pollen from 
F, and F, hybrids. 

5. The facts are interpreted as follows :— 

(i) Apart from the two series of alleles at the S locus which 
determine the specificity of the pollen and the style there 
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is a third series which produces a substance necessary 
for pollen-tube growth. 

(ii) In hybrids with cytoplasm derived from O. pallida, the 
growth substances are produced after meiosis. In hybrids 
with cytoplasm derived from O. trichocalyx, the growth 
substances are produced before meiosis and because of 
this, different S alleles compete for a common precursor. 

(ui) The growth substances are transformed into an active state 
by the appropriate S complex in the pollen grain nucleus. 
In this final stage they carry the incompatibility antigens. 
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MELANISM IN THE LEPIDOPTERA 
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|. THE SPREAD OF MELANISM 


In view of the extremely rapid spread of melanic forms of at least 
fifty species of Lepidoptera in the industrial areas of Britain, experi- 
ments were carried out with the following objects. To ascertain : 
(i) Whether the black and pale forms are to an appreciable extent 
at an advantage on their appropriate backgrounds. (ii) If so, whether 
the difference can be evaluated. (iii) Whether birds and other visual 
predators search for and eat resting moths. (iv) If that be established, 
whether the insects are taken selectively, and in the order of con- 
spicuousness that is registered by the human eye. 

The importance of these questions will be appreciated from the 
following facts. The industrial melanism of the Lepidoptera is the 
most striking evolutionary change ever actually witnessed in any 
organism, animal or plant. Its current explanation (p. 2) assumes 
selective elimination by predators. Yet after more than twenty-five 
years of observation and constant enquiry, I have found no single 
instance in this country in which anyone has witnessed a bird detecting 
and eating a moth belonging to a protectively coloured (or “ cryptic ’’) 
species when sitting motionless on its correct background. Neverthe- 
less, the effective concealing patterns found in great numbers of these 
insects (those affected by industrial melanism and others) seem 
explicable only on the assumption that predators hunting by sight are 
of serious danger to them. I determined, therefore, to subject this 
matter to experiment and precise observation on a scale not so far 
attempted. Since for this purpose it was necessary to use large 
numbers of specimens, I decided to concentrate upon a single species, 
which could act as a test case for this aspect of the theory of industrial 
melanism ; and also in assessing the importance of predators as 
selective agents in the solution of the cryptic patterns of the 
Lepidoptera. The insect I chose for this work was the Peppered 
Moth, Biston betularia L., Selidosemide, the most famous example of 
industrial melanism, and the first to be detected. I accordingly reared 
this insect on a large scale in order to provide the experimental material 
that was required. 

There is no question of dealing in this paper with other aspects 
of Industrial Melanism, such as the character and behaviour-differences 
associated with melanic and non-melanic insects, nor with air pollution. 
This latter topic involves a consideration of the degree of contamination 
of foliage in different areas of Britain, and its effect on larve, with the 
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viability differences associated with the typical and the melanic forms. 
These subjects will be dealt with elsewhere. 


2. THE EXPLANATION OF INDUSTRIAL MELANISM 


The current explanation of industrial melanism was suggested by 
Ford (1937). Since a knowledge of it is essential to the purpose of 
this paper, it is necessary to summarise it for the benefit of those 
unacquainted with the subject. Briefly, it may be said that industrial 
melanism is ascribed to a change between selective advantage and 
disadvantage, due to industrialisation. It was noticed (i) that the 
species affected by this phenomenon rest fully exposed on tree trunks, 
walls or fences, apparently protected from predators by a concealing 
pattern. (ii) In nearly all of these, the melanics are unifactorial 
and not recessive (it is probable, and in some instances certain, that 
the quantity of melanin is greater in the homozygotes than in the 
heterozygotes). (iii) There was much somewhat anecdotal evidence, 
though derived from independent sources, that the successful melanics 
are more viable than the normal forms, which, nevertheless, until 
recently they have nowhere succeeded in displacing. This difference 
in viability was suggested by an excess of black varieties above 
expectation in segregating families. It should here be noticed in 
parenthesis that the type of metabolism involved in excess melanin 
production does not necessarily confer superior viability. Recessive 
melanics are known as rare varieties and these, though often as black 
as the darkest “ dominants”’, are much less hardy than the pale 
forms, 

In view of these considerations, it was suggested that all genes 
conferring a physiological advantage had spread through the species, 
unless responsible also for some counter-balancing disadvantage, such 
as the destruction by excess melanin formation of the concealing pattern 
upon which the safety of the insect depends. Such melanics, though 
physiologically at an advantage, were therefore unable to establish 
themselves until the blackened vegetation of industrial areas provided 
an environment in which black colouring is no longer a handicap, 
perhaps even an asset, to concealment. Here, therefore, they have 
spread ; though the equally well protected, but relatively inviable, 
recessive melanics have not done so. : 

One aspect of this explanation, the superior viability of the | 
industrial melanics, was soon established by experiment (Ford, 1940). | 
The other, the selective action of predators in destroying the pale or | 
blackish moths on inappropriate backgrounds, has remained un- | 
proved, and it is this which is studied in the present paper. 


3. THE GENETICS OF MELANISM IN BISTON BETULARIA 
In about fifty species showing industrial melanism, the black forms 
are more or less complete dominants (their heterozygotes cannot be 
distinguished from the homozygotes). Several have no dominance, 
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and a few are multifactorial. Biston betularia represents the usual 
condition for such species in which melanism is unifactorial and 
dominant. There are, however, a few points of special interest in 
regard to its genetics. 

This species is normally whitish grey with a sprinkling of black 
dots: a colour-pattern which conceals it extremely well on light 
bark, especially when lichens are present. It has two melanic forms. 
One, carbonaria, is completely black except for a small white dot at 
the base of each forewing and another where the antenne approximate 
to the head. This is the famous industrial melanic of the species 
which has spread in such a spectacular fashion in industrial areas. 
It is now a complete dominant, but was probably not so when first 
found in the middle of last century. At that time there appears to 
have been in many of the heterozygotes (we do not know the appear- 
ance of the homozygotes) some trace of the pale markings. These 
are never seen now in districts where carbonaria constitute all but a 
small fraction of the population. It appears, therefore, that the gene- 
complex has been selected to produce the complete dominance of 
this form at the same time as it has become common during the last 
one hundred years. This matter is at present being subjected to 
genetic tests, which are not the subject of this paper. The other 
melanic form of B. betularia is less complete, being dark with a sprinkling 
of white scales. It is known as insularia and is much less common (for 
relative frequencies, see p. 334), though it has certainly spread in 
and outside industrial areas. It cannot be distinguished pheno- 
typically in the presence of the carbonaria gene. It, too, seems to have 
become blacker during the last fifty years or so. It was long in doubt 
whether or not these forms were allelomorphs. I have, however, 
lately demonstrated that they are at separate loci, with no evidence 
of linkage. 


4. THE NATURAL HISTORY OF THE MOTH 


B. betularia has a long period of emergence, from early May to 
early August. It flies at night from late dusk till dawn. The male 
only comes to Mercury Vapour light freely, the female but rarely. 
Assembling to newly hatched females in nature takes place between 
g p.m. and midnight (G.M.T.), but will continue until dawn to caged 
females. By day the moth rests on tree trunks and boughs, on which 
it takes up its position at dawn. It hatches normally at dusk, thus 
avoiding visual predators on the first day of its imaginal life, before 
being free to choose its correct background. 


5. METHOD OF SCORING THE MOTHS ON THEIR 
BACKGROUNDS 
It must be emphasised that the relation of insects to backgrounds does not merely 


involve a simple colour-difference such as black on white or black on black. The 
complicated pattern of the typical cryptic insects melts into a surprising number of 
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backgrounds, but only if they are light coloured or have a variegated pattern. For 
the purpose of analysis, the following system was devised :— 


In the first instance, at two yards distance, the question had to be answered : is 
the insect conspicuous or inconspicuous on its background? Surprisingly, in 
nearly every case this was found to be capable of immediate solution without 
difficulty. To obtain the degree of divergence as between insect and background, 
the following method was found satisfactory. After making the initial decision at 
two yards, if the insect was judged “‘ conspicuous ” one walked away from it until 
a point was reached where it became inseparable from its background, be it carbonaria 
on lichen covered oak trunk in Devon (50 yards), or a typical betularia on a 
Birmingham oak trunk (40 yards). In each case a value of —3 was given, and 
anything visible over 30 yards was awarded this. In trial experiments, with several 
observers taking part to test at which spot the moth disappeared into its background, 
a marked degree of agreement and uniformity was reached. The readings for 
degrees of conspicuousness were decided at the following distances :— 


** Conspicuous” insects (on incorrect background) 


go yards and over =i 
20-30 yards —2; Taken in the shade in average daylight. 
10-20 yards —! | 


Similarly, decisions in the direction of inconspicuousness were decided :— 


> 


** Inconspicuous ”? insects (on correct background) 


2 yards +3 
5 yards +-2;Taken in the shade in average daylight. 
10 yards +1 | 


In practice, it soon becomes unnecessary to pace the distance of 
each insect (a difficult procedure anyway in an aviary cage), and 
even after as short a schooling as one day, the independent scoring 
of others, taken at two yards, seldom diverged by more than plus or 
minus one unit. 


6. RESULTS OF SCORING MOTHS ON THEIR 
BACKGROUNDS 


The scorings of Dr R. A. Hinde and myself for sixteen insects 
assessed separately are given in table 1. 


TABLE 1 


Results obtained by two observers in scoring black and 
typical B. betularia independently 





Phenotype * Black (carbonaria) = C Pale (typical) = T 





Dr Hinde .| +2 +2 -—3 +3 —2 —2 +3 —-2 —-1 +3] +3 —2 +3 —3 +241 


H.B.D.K. . | +2 +3 -3 +3 -3 —2 +3 —3 —2 +3] +3 —3 +2 —3 +1 +2 























* Throughout this paper the three phenotypes of B. betularia : carbonaria, typical and 
insularia are designated by the letters C, T and I respectively. 
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This experimental design was decided on to give the least error 
in judging which of the six possible scores were applicable. The 
same method of scoring was used for both aviary and field experiments, 
the insects being released on trunks of different species of trees relative 
to their proportions within the wood. From the scoring alone (quite 
apart from what subsequently happened), it was possible to get some 
idea of the state of the average background. 

Thus 651 male and female detularia were released in a circumscribed 
wood in the Birmingham district, where the melanic form comprised 
about go per cent. of the population. These consisted of 171 typical, 
416 carbonaria, and 64 insularia. There were 33 release points, being 
the trunks and boughs of three birch trees and thirty oaks. The 
proportion of birch to oak being not more than 1 : 10 in this wood. 

The following scoring was obtained :— 


TABLE 2 


) Background scoring for betularia and its melanics in a wood 
near Birmingham (males and females) 
























































| 
Score No. of in- | No. of Total | Average 
(birch throughout | +3 | +2 |-+1|—1]|—2]| —g | conspicuous | conspicuous | releases | score per 
in brackets) insects | insects ds & Qs | insect 
Ee: ee Se: Ee ee OY Se | 
Typical on oak ; 3 5 9 | 7 | 44| 86 17 | BEG | 137 | 89% 154 —2°11 
LI7I 
» birch - | (to) | (6) | (1) | (0) | (0) | (©) | (17) | 100 %| 0% | (17)J (+2°53) 
El el Pac al el al nai a 
Carbonaria on oak . | 184 | 127 | 47| 7 | 1 o | 358 py 8 | 2% 366 | , +2°33 
41 
»  onbirch | (8) | (8) | (5) | (4) | (7) | (18) | (21) | 42% | (29) | 58% | sol (—0°54) 
eee a es > Se S| SS Fae ee: a | “s 
Insularia on oak =. | at | 5 | 10} 8] 9 3 36 | 64% | 20 | 36% 56) - +0°857 
| | 4 
»  onbirch . | (5) | (2) | (x) (0) | (0) | (0) | (8) 100% | (0) | 




















0% | (8)) — | (+250) 
| | 








From table 2 it can be seen that the degree of crypsis (protection 
due to camouflage) as judged by the human eye varies greatly accord- 
ing to background and phenotype. On the oaks of Birmingham, the 
carbonaria are nearly always extremely well protected, but the reverse 
is shown for the typical, and the scoring of one is inversely proportional 
to that of the other. Birches, with their areas of black on light trunks, 
offer suitable crypsis to all phenotypes, which no oak trunk can 
possibly do. Jnsularia, though varying from light to dark, is seldom 
very conspicuous on any background, but is less perfectly concealed 
than carbonaria on dark trunks and than the typical form on light ones. 

As a comparable experiment to this, I am able to quote one small 
release undertaken near Torcross, Devon, where all the trees and rocks 
are covered with lichen and alge, and where no dark backgrounds 
similar to those found in the Midlands, were found. 128 betularia were 
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released, 45 typical and 83 carbonaria. They gave the following 











scorings :— 
TABLE 3 
Background scoring for betularia and melanic on Devon coast 
Total Total in- | Average 
Score +3 +2 +1 | —I —2 -—g |conspicuous| conspicuous { score per 
insects insects | insect 
|, — 
Typical 29 I! 5 o t) to) o| 0% | 45 | 100% +2°53 
Carbonaria te) te) 4 2 25 | 52 |79| 95% | 4 5% | —2°46 























This shows a reversal of the situation found in the Birmingham 
district, and in the location where I worked, there appeared to be no 
available resting sites for carbonaria other than those which were nearly 
always very conspicuous. 

This method of scoring, then, appeared to be satisfactory as a 
means for our gauging background differences. It was, therefore, 
imperative to find whether bird predators, in the first instance, in 
confinement, appreciated the same set of values as decided by man, 
and finally to repeat, if possible, their reactions in the wild. 


7. AVIARY EXPERIMENTS 
(i) General features of the aviary 


Due to the kindness of Dr Hinde and others, I was permitted to 
use the outdoor aviaries at the Research Station, Madingley, Cam- 
bridge. I chose a pair of nesting Great Tits (Parus major) which 
were in a wire netting frame approximately 18 yards by 6 yards, and 
7 feet in height. The supports of the cage were made of dark larch 
and spruce trunks with the bark still present. There were 13 of these 
and in addition 20 other resting sites were introduced, making 33 in 
all (15 light and 18 dark). 

There were also four horizontal poles. All the original construction 
trunks could be referred to as being lichen-free and with dark coloured 
bark, but among the introduced “ furniture” birch and lichened 
trunks were included, and as variable an assortment of natural back- 
grounds as possible. The three forms of betularia were released on these. 


(ii) Method of introduction to birds 


The tits, having been driven to the far end of the cage, were 
screened off with a large sheet. The releasing was then carried out 
on selected trunks and boughs, each of which had a number, and the 
scoring was assessed in the manner previously described. The sheet 
was then taken down and the tits given the freedom of the aviary. 
From then on the investigation was conducted in two ways. Firstly, 
direct observation of the behaviour of the tits was kept from a distance 
through glasses. Secondly, at intervals the cage was entered and an 
inventory taken of the remaining moths. 
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(ili) Results of the findings of aviary experiments 
In the first experiment, equal numbers of typical betularia and 
carbonaria were released on to the trunks and scored as being either on 
; TABLE 4 
Order of predation by two great tits (Parus major) in 
aviary experiment (A/16) 
Score at Score after Score after Score 
Phenotype Site No. —* 20 minutes further 20 mins. by 
+ - + _ + _ 
Carbonaria . | birch, light +3 present present taken 
99 F pine, dark +3 ”» ” ”» 
fi . | tarred post, dark +3 3 99 ! 9 
Typical . . | elder bough, light +1 ia ia ‘ 
: elm bough, light +1 ”» » ” 
Carbonaria . | elm bough, dark +2 a taken s. 
= . | birch, light =F ” ” 
ms . | lichened birch, light —2 a mm 
‘5 . | birch, light —% ” ” 
Re . | lichened birch, light —2 of Se 
Typical. . | birch trunk, light +3 a S 
on @ elm trunk, dark —=% » ” 
Carbonaria . | elm trunk, dark +2 taken ye 
rs . | birch trunk, light —3 ‘ saa 
Typical. . | post, dark = ” a 
: . | birch, light +2 a iad 
pa ? . | tarred post, dark —I m a 
No. of insects Ape 5 7 5 
taken 
No. of insects aii 17 12 5 o 
left 
Total score left we +20 —20 +16 —13 +11 —o r) 
Total score taken ‘aa ina +4 -7 +9 —20 +11 —o 
Per cent. score ka io +25% —53°85% | +45% —100% 
; taken 
} correct (+3) or incorrect (—3) backgrounds. Five were on correct 


and five on incorrect. The release was undertaken at 3 p.m. By 
5 p.m. none had been taken. By 6 p.m. all those on incorrect back- 
grounds had been eaten as well as two scored as “correct”? ; three 
remaining untouched, 2 carbonaria and 1 typical, all on correct back- 
grounds. The following day this was repeated using 18 betularia, 
6 of each phenotype placed on backgrounds giving an equal score 

plus and minus for each phenotype. After a half hour, they had all 
been taken except two, one being a éypical (+3), and one an insularia 
(+2). It was suggestive that the tits were becoming specialists on 
betularia, and subsequently they were seen to be searching each tree 
trunk eagerly one at a time immediately after admission, thereby 
} be 
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defeating the object of the experiment. I decided, therefore, to try 
and widen their feeding interests and this was done by introducing 
into the cage at the same time as the betularia release, a number of other 
moths and insects in a proportion comparable to what was then 
occurring in nature, as judged by the local sample taken in my 
Mercury Vapour traps. These, of course, included individuals showing 
other types of colouration as well as cryptic. This proved successful, 
and in all further aviary experiments the introduction of other species 
of insects was carried out at the same time as that of betularia. In 
experiment A/16, 17 betularia (9 carbonaria and 8 typical) were released 
with the total score plus and minus in equality. The results are 
shown in table 4. For the purpose of statistical analysis it is accepted 
that it would have been more satisfactory if after each time the insect 
was taken it had been replaced by a similar phenotype. Experimentally 
this was impossible, nor in view of what happened was it necessary. 
It can be seen from table 4 that after two periods of 20 minutes each, 
when the tits were left alone, all 8 of the conspicuous insects had been 
taken with the score of—20, but in this time only 4 of those on correct 
background with a score of +9 had been eliminated, leaving five 
with a score of +11 untouched. A small series of similar experiments 
were conducted in each case with comparable results, except when 
pouring rain caused movement on the part of the insects and these 
experiments were abandoned. 

An attempt was made to observe directly the order in which the 
betularia were taken by viewing from a distance through field glasses. 
The speed at which the two birds worked, however, in so limited a 
space made it impossible for accurate record to be kept. They would 
scan the trunks from nearby twigs, then fly and snatch the selected 
insect and frequently carry it down to the ground in order to eat it. 
At no time did I see a moth with warning colouration taken, but an 
Eyed Hawk, S. ocellata (showing “ deflective coloration”) was eaten 
after one aborted attack. 

It would appear then from these observations that birds, in this 
case, Great Tits, do in fact eat stationary cryptic insects including 
melanic forms, but in the first instance only after two hours of being 
in close proximity to them did they begin to do so. After an initial 
experience, however, they were quick to learn and took freely both 
light and black forms of betularia. Secondly, they took these in an 
order of conspicuousness similar to that gauged by the human eye. 
This is in accord with the Laboratory findings of Sumner (1934), who 
showed that predators failed to recognise camouflaged individuals in 
the same way as man. If the same could be shown in the field, it 
would provide the missing data needed to substantiate the current 
explanation of industrial melanism. Moreover, it would be possible 
to explain the stability in which complicated cryptic patterns are held, 
and at the same time to determine the relative selective values of 
light and black forms for crypsis in a given environment. 
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8. EXPERIMENTAL RELEASES IN AN INDUSTRIAL AREA 
(i) Choice of site 

B. betularia is not a colony insect, and in the course of its life the 
males, no doubt, and to a very much smaller extent the females, 
must frequently travel many miles from their origin. This is an 
entirely different state of affairs to that found in Panaxia dominula, 
the colony insect previously used by Fisher, Ford, Sheppard and 
others, for developing their technique for mark-release experiments 
(Fisher and Ford, 1947; Sheppard, 1955). Accordingly, it was of 
considerable interest to see whether their methods could be applied 
to this more usual state of affairs, that in which a species has a 
continuous range, and without having to resort to C. H. M. Jackson’s 
“multiple square technique’, as used by him in tsetse fly studies 
with all the labour it involves (C. H. M. Jackson, 1940). The site 
chosen, therefore, was of the greatest importance, and a wood with 
as many natural barriers as possible surrounding it, such as fields, 
rivers, or moorlands, was desirable. It is necessary to remember that 
the object of the experiments was to subject as many individuals as 
possible to maximum predation for as long a time as they could be 
exposed. For all these reasons, I chose a wood (or part of it) in the 
Christopher Cadbury Bird Reserve, near Rubery, Birmingham. This 
interesting Reserve is typical indigenous oak wood, with a fair sprinkling 
of large birch trees and an undergrowth of bracken, intersected by 
rides. No dead wood had been cut from the trees for years, hence 
this place boasts of a large bird population including the following 
trunk and bough feeders :— 

Woodpeckers, Picus viridis, Dryobates major, D. minor. 

Nuthatch, Sttta affinis. 

Tree Creeper, Certhia familiaris. 

Tits, Parus caeruleus, P. major, P. ater. 

Flycatchers, Muscicapa striata, M. hypoleuca. 
Nevertheless it must be judged an industrial area, being heavily 
polluted by smoke from the midlands. 

I decided to use a peninsula of woodland, three sides of which were 
surrounded with fields and gardens, and which lay in a hollow in the 
hills. The fourth side continued into the main area of the reserve. 
The whole wood had sundry other copses almost exclusively consisting 
of birch, in its immediate neighbourhood. As stated, the proportion 
of birch to oak was less than 1 : 10, and none of the trunks or boughs 
had any lichen or alge growing on them, having long since dis- 
appeared as the result of pollution (Eustace W. Jones, 1952). I 
decided, then, to undertake my releases in this peninsula of woodland 
and to surround the area as far as possible with assembling traps 
containing virgin females, as well as two Mercury Vapour lights. 
The assembling traps were of two kinds, one made of perforated 
zinc which allowed males to enter but not to escape, and the other 
were muslin cages at which I and two others collected assiduously 
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throughout the night. Each trap contained one virgin female of 
each phenotype in case of scent differences. As the result of this, 


TABLE 5 
Release Experiment figures for Biston betularia (males only) 
Rubery, near Birmingham, 1953 


The letters C, T, I, stand for carbonaria, typical and insularia 
respectively throughout this paper 







































































Releases Catches Recaptures 
esenl Totals Totals Totals 
Cc T I Cc + I Cc F I 
(25.6 10 12 | 10 32 8 fe) I 9 aes rhe a 
26.6 oO o| o r) 127 | 15 7 149 3 I I 5 
27.6 33 Ir | 15 59 34 5 I 4o I oO I 2 
28.6 37 21 5 63 23 3 3 29 2 te) 2 4 
29.6 o oO oO o 55 | 10 I 66 5 4 oO 9 
30.6 68 26 8 102 37 3 2 42 I oO I 2 
7 go} 21 3 114 76 9 2 87 19 2|2 23 
2.7 744| 21) 3 98 | 75| 13 | 4| g2 | 28] 6] o 34 
3.7 68 15 oO 83 yh I 10 98 25 3 I 29 
4:7 67 10| 2 79 66 9 2 77 23 2\0 25 
5:7 oO o| o 7) 73 3 5 8r 16 o|o 16 
Totals 447 | 137 | 46| 630 | 651 | 8x | 38 | 770 123 | 18 | 8 149 
Catches 
Totals 
Cc T I 
Wild Birmingham population 528 63 30 621 
Per cent. phenotype. . | 85-03 10°14 4°83 
Release after one day of self- 25 2 2 
determination 
Per cent. phenotype. : 5°72 1°48 4°35 
Per cent. return of releases. | 27°5 13°0 17°4 




















the whole area must have been flooded with female scent from dusk 
to dawn, and this was probably responsible for holding the males in 
the wood. As previously stated, the three phenotypes were released 
on the trunks and boughs as early as possible in the day, scored, then 
visited later in the day and absent individuals recorded. 


(ii) Method of release 


In all the experiments, whether in the field or the aviary, boughs 
and trees selected for release-sites, were each given a number. In 
the wood, the proportion of such trees belonging to different species 
bore direct relationship to their estimated frequency in the locality. 

Each insect, having been marked on its under-side with a small 
dot of quick drying cellulose paint with a colour-position for each 
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day, was shaken from its box on to the bough or trunk. They generally 
wandered about for a few moments, and rapidly took up the optimum 


TABLE 6 


Comparative methods of collecting (with exception of first night). 
Mercury Vapour Light and Assembling 


























































































































































































































26th June | 27th June | 28th June | 29th June | goth June ist July 
Phenotypes CiTFi ?| ECirFiti ere CiFis ecitiztt Crys 
MLV. Light— 
Totals. ? -|90}/12/6] 16) 3] 1] 14) 2]1] 17) 2]}]o0]17]/1]1] 44/6] 2 
Recaptures. | @EeaLeh bopper hela pierre! stem g|2/2 
Assembling— 
Totals. , - 1397/3 |2), 18; 2/0] go] 1} 2) 98] 8) 2 | a0/2)]2) gai gio 
Recaptures. -| trlolo}] ofjojo|] trlojr1] 4] 4]o}] o|olj1}1r0lojo 
and July grd July 4th July 5th July Totals Percentage 
Phenotypes Cree eC rite rer per lte fF tive +3 
MLV. Light— 
Totals. ‘ -1451714141/617]/33/811]45|/0]1 433 | 56°89 
Recaptures. -|/m}3/o}ml2]{1}]10/2}/o0}] 5] o0]0 75 50°33 
Assembling— 
Totals. : -| 3016] 0/}] 36) 5|31/33)1)]1 | 28/3) 4 328 | 43rar 
i Recaptures ‘ LIP gsl eo! ei tlolwio;o] aioe 74 49°67 
Total Captures | Recaptures 
Phenotypes Cc ¥ I Cc ¥ I 
) M.V. Light— 
Totals. ; ‘ 362 47 24 59 10 6 
Percentage : ; 83°60 10°85 555 78-67 13°33 8-0 
Assembling— 
Totals. ‘ ‘ 281 34 13 64 8 2 
Percentage , ; 85°68 10°36 3°96 84°40 | 10°81 2-71 
position available. We have recently been able to show, experi- 
mentally, that black and light betularia are able to appreciate contrast 
differences between themselves and their backgrounds, and hence 
) 
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they tend to come to rest in the optimum positions offered by an 
available resting site (Kettlewell, 1955). Having done this, they did 
not move again. The position of the paint marks, being on the 
underside which is not exposed by day, excluded the possibility of 
an additional risk of attack by predators. It was important to see that 
the sun did not shine on the moths, and each one of them, having 
settled, was scored by the method described previously. 


TABLE 6a 


Captures at light and by means of assembling, showing the equivalence of the 
methods, for which x?(,) = 1:09, for which P= 0--—0°5 


(with the exception of first night) 



































Captures 
Total x? 
at lizht assembling 
carbonaria ; : 362 281 643 0°094 
typical. : : 47 34 81 0042 
insularia . ; ‘ 24 13 37 0°957 
433 | 328 | 761 1+093 





(iii) Release results 


Six hundred and thirty betularia males (carbonaria 447, typical 137, 
insularia 46) were released. Out of a total of 770 caught (carbonaria 
651, typical 81, insularia 38) 149 were recaptures (carbonaria 123, typical 
18, insularia 8), HENCE THE RELATIVE RECOVERY VALUES FOR THE THREE 
PHENOTYPES OF MY RELEASES WERE carbonaria 27°5 per cent., typical 13-0 
per cent., insularia 17-4 per cent. (see table 5). 

Twenty-nine individuals were recaptured after forty-eight hours’ 
absence, and therefore after at least twenty-four hours of self-deter- 
mination. They gave survival values of carbonaria 5:72 per cent., 
typical 1-48 per cent., insularia 4°35 per cent. of the initial release. 

Of the 770 caught, 621 were local insects not released by us. 
They comprised carbonaria 528, typical 63, insularia 30, giving a frequency 
of carbonaria 85-03 per cent., typical 10-14 per cent., insularia 4°83 per 
cent. for Rubery insects (see table 7). 

In regard to the method of collecting, after the first night (there 
having been no release on the 25th), 433 males were taken at Mercury 
Vapour light, and 328 by assembling, with practically identical 
phenotype frequencies at both (see table 6a). This demonstrates the 
random nature of the samples collected. No one phenotype had 
behaviour differences as between attraction to light and assembling, 
always remembering that there were equal numbers of each female 
phenotype in all the assembling traps. The detailed results are 
shown in tables 5 and 6. 
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9. ECOLOGICAL OBSERVATIONS AND DATA 
All three phenotypes of Biston betularta are cryptic. In attempting 
to decide their relative selective values in the Birmingham area we 
have three sets of figures to take into account :— 
(i) Scoring values as gauged by human standards. 
(ii) Direct observation as to what happened to the individuals 











so scored. 
(iii) Recapture figures which provided data over longer periods. 
TABLE 7 
Daily totals of wild-caught Birmingham specimens 

Date Cc Per cent. F Per cent. I Per cent. | Total 
25-6.53 8 889 o 7) I mr 9 
26.6.53 124 86:1 14 97 6 42 144 
27.6.53 33 86°84 5 13°6 0) 0 38 
28.6.53 QI 84 3 12 I 4 25 
29.6.53 50 87°7 6 10°5 I r8 57 
30.6.53 36 go 3 75 I 25 40 
1.7.53 57 89°06 ; 10°94 o oO 64 
2.7.53 47 81-04 7 12°07 4 6°89 58 
3-7-53 52 75°36 8 11°59 9 13°05 69 
47-53 43 82:69 7 13°40 2 3°85 52 
5-7-53 57 87°69 3 4°62 5 7°69 65 
Totals 528 85-03 63 10°l4 30 4°83 621 
































(i) Scoring values 

The insects, having been released on to thirty-three trees, being 
a sample of the only trunks and boughs available in this wood, were 
then scored. Of 366 male and female carbonaria released on oak, 
358 (97°83 per cent.) were gauged as inconspicuous, and 8 (2:17 per 
cent.) otherwise. Conversely, of 154 éypical which took up their 
positions on oak, only 17 (11-1 per cent.) were judged inconspicuous 
as shown in tables 2 and 2a. 

TABLE 2a 
The concealment (or otherwise) of B. betularia and its melanic carbonaria 
on oak trunks near Birmingham, as gauged by Man 











Conspicuous | Inconspicuous Total 
carbonaria . , ; 8 358 366 
typical : : ; 137 17 154 
145 375 520 




















The other melanic form, insularia, because of its small numbers, 
need not be considered in detail here. Releases of 50 carbonaria on 
to birch trees, which were in proportion to their frequency in the 
wood, gave this melanic conspicuous to inconspicuous in approximate 
equality. Thus it appeared that in this locality typical betularia were 
at an approximate disadvantage of 40 per cent, 
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(ii) Direct observations 


After the first day of release it was noticed that some of the betularia 
were disappearing from one or two positions so observation of these 
sites was maintained continuously from a distance through field 
glasses. H. M. Kettlewell first observed a bird fly up out of the 
bracken, snatch a betularia and return to the ground, the whole 
incident being over in a flash. Subsequently we were able to watch 
this bird, a Hedge Sparrow (Prunella modularis) regularly at work 
and to score the order in which it took the phenotypes. At a some- 
what later date moths began to disappear from another series of trees, 
and I and others witnessed a Robin (Erithacus rubecula) at work, 
particularly in the late afternoon. This bird was observed in a similar 
way to the Hedge Sparrow, flying on to the twigs and bracken near 
to the trees whence it viewed the trunks and branches, making 
occasional excursions to pick up betularia. ‘This it frequently did on 
the wing, always returning to the ground to eat them, and there 
subsequently I found wings and remains as an additional check to 
what had happened. It came as a surprise to us to find the Robin 
and the Hedge Sparrow behaving in this way, and there were most 
certainly other birds at work, unseen by us. I give below (table 8) 
a record of the few occasions when there was no doubt of the order 
in which these birds took their insects. 


TABLE 8 


Direct observations of the predation of B. betularia 
by two species of birds 





























] 
, 4th July 1953 : and July 195) 
Robin Oak | Order of take Robin Oak | Order of tabs 
typical . : .| -3 I typical . , .| -3 I 
carbonaria . | +1 2 typical . ‘ _|-3 2 
typical . ; .| -3 3 carbonaria } .| +3 3 
typical . : .| —2 4 typical . : -| -3 4 
carbonaria . . | +3 |\ Not taken by | carbonaria - . | +3 |\ Not taken by 
carbonaria .| +345 7 p.m. carbonaria -| +2/f 7 p.m. 
ist July 19 
Hedge Sparrow | Oak Geler of =. 
typical ‘ .|-3 I 
typical ‘ | -3 2 
carbonaria . . | +3 3 
typical : | 4 
carbonaria . . | +3 |\ Not taken by 
carbonaria . -| +2 /5 7 p.m. 




















From this it would appear that when a conspicuous insect had 
been found, it at once put other insects in the immediate vicinity at 
a disadvantage because of the birds’ active searchings. This is 
corroborated by the increased predation which took place on those 
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trees which ‘harboured a moth with the score of —3 compared with 
trees where no such conspicuous individuals existed. Nevertheless, 
on oaks there were nearly always one or more carbonaria left which 
had been overlooked. 

Total figures for male releases show that while 62-57 per cent. of 
carbonaria survived per day during observation (see table g) only 


TABLE 9 
Observation release for 7 days (males only) 






































Carbonaria 
Total 
Score +3 +2 +1 —I —2 —3 
25.6.53 3 3 2 to) to) te) 8 
27.6.53 Il 15 5 I I oO 33 
30.6.53 17 20 15 6 2 o 60 
1.7.53 43 28 6 to) o 4 8 
2.7.53 47 14 3 I 0 6 7 
3.7.53 24 18 12 o 2 3 59 
4-7-53 29 14 7 0 I 3 54 
Total release before 174 112 50 8 6 16 366 
midday (seven days) 
Total missing (seven 65 35 20 3 3 + 137 
days) up to 5 p.m.) 
Per cent. missing . | 37°35 | 31°25 40 37°5 50 68°75 37°43 
Per cent. survival . | 62°45 68°75 60 62°5 50 B25 62°57 
Release escapes. ae “as ae ‘as sah Sah 44 
Per cent. escapes = sea “ua wea ae pe aus 10°75, 
activity : 


























45°79 per cent. of the ¢ypicals did so (table 10). Jnsularia had a 57-14 per 
cent. survival rate for the comparatively few insects under observation 
(table 11). Furthermore, there is evidence that the birds took the 
individuals within each phenotype with regard to their degree of 
crypsis. Of the 508 males released for observation over seven days, 
210 had disappeared at the end of the day for one reason or another. 


(iii) Recapture figures 
It is evident from table 5 that we recaptured more than twice 
as many carbonaria as typical relative to the number released. This 
can be accounted for in one or more ways. 
(i) That the melanics were attracted to light more freely than 
the typicals. 
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(ii) That the ¢ypicals had a shorter span of life than the carbonaria. 
(iii) That the ¢ypicals wander or migrate more than the melanics. 
(iv) That there was a differential predation between the phenotypes. 


TABLE 10 
Observation release for seven days (males only) 





















































Typical 
Total 
Score +3 +2 +1 -I —2 —3 
25.6.53 I oO oO 2 2 2 7 
27.6.53 I 1 oO oO 3 6 i 
30.6.53 2 2 2 5 6 7 24 
1.7.53 2 o 2 ra) 3 II 18 
2.7.53 2 I oO 3 8 II 25 
3-7-53 I o I o 2 7 13 
4-7-53 oO Oo oO 0 3 6 9 
Total release before II 4 5 10 27 50 107 
midday 
Total missing up to 4 2 3 5 13 31 58 
5 p.m. 
Per cent. missing . | 36°36 50 60 50 48°15 62 54°21 
Per cent. survival . | 53°64 50 40 50 51°83 38 45°79 
Release escapes’. oe ue os Re ag < 9 
Per cent. escapes = os aM a sae eat dee 6°67 
activity | | 


























In regard to the first, we were able to show that an equal relative 
percentage of each form came both to light and assembling traps, 
which excludes behaviour differences in these directions. In regard 
to the life span, most wild caught insects were mark-released except 
for weak individuals, and when possible their numbers were subsidised 
by laboratory-bred specimens which were released at the same time. 
Many more of the ¢ypicals than carbonaria were bred ones and hence 
were in their first day of imaginal life, nor in regard to the wild 
individuals was there any evidence of a diminution of hatchings which 
would lead to the using of older moths, with a consequent shorter 
expectation of life (see table 7). Furthermore, the length of life of 
the two forms does not differ appreciably when bred and kept in the 
laboratory. The question of a different life span can therefore be 
excluded. 

The possibility of a differential migration or dispersal rate taking 
place between the ¢typicals and the melanics, must also be considered. 
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A comparison of the relative proportion of marked phenotypes taken 
at traps situated at the periphery of the release area to those caught 
at traps which were placed two hundred yards or more distant, shows 



































TABLE 11 
Observation release for seven days (males only) 
Insularia 
Total 
Score +3 +2 +1 —1 —2 —3 
25.6.53 2 to) I 3 ° ° 6 
27.6.53 3 I + I 3 I 13 
30.6.53 4 3 o to) I oO 8 
1.7.53 I ro) I ° te) I 3 
2.7.53 3 o o ° o te) 3 
3.7.53 0 te) to) ry) oO 0 ° 
4+7-53 I I oO oO ° ° 2 
Total release before 14 5 6 4 4 2 35 
midday 
Total missing up to 6 2 2 I 2 2 15 
5 p.m. 
Per cent. missing . | 33°33 5° 33°33 25 50 100 42°36 
Per cent. survival . | 66°67 50 66-67 75 60 0 57°14 
Release escapes. na aes des ais naa “aa 6 
Per cent. escapes = “re ar eas he aa ea 17°39 
activity 
































no difference in the frequencies of the three forms. One must, 
therefore, accept that the figures represent selective differences. 
Moreover, having in mind the state of the tree trunks, the results of 
the observation-release and, lastly, the frequent witnessing of the 
selective nature of the predation undertaken by two species of birds, 
it is fair to assume that this is the correct interpretation. 


10. DISCUSSION 


On the, of course unverified, assumption that in the Manchester 
area carbonaria occupied 1 per cent. or less of the betularia population 
in 1848 and gg per cent. or more of it in 1898, Haldane (1924) showed 
that carbonaria has a selective advantage of about 30 per cent. over 
the typical. This, of course, might not be entirely due to crypsis, in 
fact it almost certainly would not be so. That the wild B. betularia 
population of Rubery contained as much as 10-14 per cent. typicals 
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is, in my opinion, due to the advantage of this form in the surrounding 
birch woods of which there were many in the neighbourhood. This 
is to some degree borne out by the fact that, within a mile and a half 
of the centre of Birmingham, where there are few birch trees and 
nearly all the tree trunks are black, the frequency of carbonaria is still 
higher, being 93:18 per cent., with typical 4°54 per cent., insularia 
2-28 per cent., in a total of 176 (Bowater and others). 

I am not aware of previous attempts to discover the selective 
advantages of melanic insects by mark-release recapture experiments. 
To the obvious criticism that the releases were not free to take up 
their own choice of resting site for the first day, I must answer that 
there were no other alternative backgrounds available for an insect 
that has to spend its days on trunks and boughs in this wood. I admit 
that, under their own choice, many would have taken up position 
higher in the trees, and that since the surface area of a tree increases 
proportional to the distance up the trunks and boughs, in so doing 
they would have avoided concentrations such as I produced. Tinbergen 
(1952), de Ruiter (1952) and others have shown the importance to 
cryptic insects of avoiding too high a density level, but this is no 
argument against the findings for the relative advantages of the three 
forms. It must be accepted, however, that, under natural conditions, 
predation, though selective, might take place at a lower tempo. 

How low this may be under certain conditions may be seen from 
data provided by Heslop Harrison (1919-20) who kept daily observa- 
tions on Polia chi (Agrotidz), and its dark form, which took up positions 
in a state of nature on three types of wall in the Newcastle district. 
The frequency of the latter (= olivacea) was 10 per cent. in one locality 
and 50 per cent. in another. He examined “up to 300 examples 
daily” and ‘‘ never was there any diminution of numbers in which 
more olivacea”’ (= the ‘melanic’) “‘ vanished than type chi. As a 
matter of fact, we used to consider it a marvellous thing if even a 
single one had disappeared.’ He quotes this ‘* to demonstrate that 
the effect of natural selection is quite negligible as a factor in pro- 
gressive melanism.” 

I am afraid I cannot agree with this. In the first place olivacea 
is not a melanic in the sense that the whole pattern has been obliterated, 
for this remains present in a darker olive-grey tint (= it is a ‘‘ melano- 
chroic”’ J. W. H. H.). For this reason, sitting on stone walls (and 
not tree trunks) as they do, both forms are inconspicuous against the 
same backgrounds. Secondly, in the absence of concentrations, 
predation may have been at a very low level, though highly selective, 
and however small an advantage (0-1 per cent. or less) selection is 
able to use that advantage and spread a gene through the population 
at a calculable rate (which is not a linear one) and which depends 
upon the population’s size. Consequently there is, theoretically, no 
limit set to the smallness of an advantage which can be used in 
selection, and one involving one out of 300 individuals indicates 
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quite a considerable selective influence (Fisher, 1930). Fortunately, 
in the present series of experiments the values are of a much higher 
order and the effects of natural selection on industrial melanics for 
crypsis in such areas can no longer be disputed. 


11. SUMMARY 


1. Industrial melanism in moths is the most striking evolutionary 
phenomenon ever actually witnessed in any organism, animal or plant. 

2. In order to account for its success, a theory has been assumed 
in which an inter-relation exists between the superior viability of certain 
melanics and predation by birds which eliminate resting moths 
selectively. 

3. It has been considered probable that those individuals are 
principally destroyed which do not effectively match their backgrounds: 
so favouring black forms in areas polluted by soot. 

4. In general, predation by birds has been thought to be responsible 
for the evolution of concealing colour-patterns in moths. 

5. In spite of exhaustive observations, however, no evidence of 
such a selective elimination has, up to now, ever been produced. 
This paper supplies it. 

6. The work has been conducted on the pale cryptically coloured 
moth Biston betularia, and its two melanic forms: the extreme black 
carbonaria, and the less extreme and rarer insularia. Both are uni- 
factorial and dominant. They are not allelomorphs. 

7. To the human eye, carbonaria proved much the better concealed 
on the lichen-free tree trunks, blackened by pollution near Birmingham, 
but this advantage was reversed in favour of the pale form in un- 
polluted country. Jnsularia possessed an intermediate advantage in 
both places. 

8. The three forms were exposed to the attacks of birds (Parus 
major) in an experimental aviary, where their selective elimination on 
incorrect backgrounds was first demonstrated. 

g. Corresponding work was then carried out in a wood near the 
industrial area of Birmingham, where the proportions of the three 
forms occurring naturally are, carbonaria 85 per cent., typical 10 per 
cent., insularia 5 per cent. 

10. 630 male B. betularia (447 carbonaria, 137 typical and 46 
insularia) were released in this wood. The moths were each identified 
by a mark on the underside, invisible when the insect was at rest. 

11. The released insects were recaptured by assembling to females 
and at light traps. Of 149 which were recovered, the proportions 
were carbonaria 27:5 per cent., typical 13-0 per cent., insularia 17-4 per 
cent. This indicates their relative survival rates, as other agencies 
affecting their recapture could be excluded. 

12. Birds, Erithracus rubecula and Prunella modularia, were seen 
frequently to inspect the trees from the undergrowth and capture the 
resting moths. 

Zz 
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13. They did so generally without alighting and with great rapidity. 
Consequently, the act can only be detected in large-scale planned 
experiments. It is for this reason that it has not been previously 
observed. 

14. Three sets of figures, the camouflage efficiency as scored by 
man, the differential survival at the end of day (as the result of 
predation) and, mark-release results, each show that the more 
conspicuous moths (in the Birmingham district, the ¢typicals) were 
principally taken. Consequently birds act as selective agents, as 
postulated by evolutionary theory. 
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THE LINEAR ARRANGEMENT OF A SERIES OF 
ALLELES OF ASPERGILLUS NIDULANS 


R. H. PRITCHARD 
Department of Genetics, University of Glasgow 


1. INTRODUCTION 


THE discovery of recombination between the two physiologically 
allelic mutants “‘ Star”? and “‘ asteroid” in Drosophila melanogaster and 
the difference in phenotype between heterozygotes for the two 
mutants in cis and trans (Lewis, 1945) provided support for the con- 
clusion of Raffel and Muller (1940), based on their analysis of the 
** scute’ region of Drosophila, that definitions of the gene based on 
the tests of separate mutation, recombination and breakage, and 
the physiological test of non-allelism need not be coextensive. The 
number of reported cases of a similar nature from several organisms 
has now become so large as to lead to the suggestion (Pontecorvo, 
1954, 1955) that the ability to recombine is a common rather than 
exceptional property of physiologically allelic mutants. 

Two types of working model have been considered to account 
for this type of position effect (or “‘ Lewis effect’, see Pontecorvo, 
1955). One (Raffel and Muller, 1940; Muller, 1947 ; Pontecorvo, 
19524, 5) is that the unit of function, the gene, has several sites able 
to mutate independently and between which crossing over can occur. 
The other (Pontecorvo, 1950, 19524, 6, 1955 ; Lewis, 1951 ; Haldane, 
1954) is that alleles between which crossing over occurs are mutants 
of functionally distinct chromosome segments controlling different 
steps of a reaction sequence which, owing to the nature of the reaction 
or reactants, can only take place by means of an “‘ assembly line ” 
process along the chromosome surface, and not between homologous 
chromosomes. 

The widespread occurrence of the Lewis effect makes it important 
to determine which, if either, of these two alternatives is correct. One 
approach to the problem would be to obtain an estimate of the 
number of sites of mutation and crossing over within a single chromo- 
some segment behaving as a functional unit. If this turned out to be 
very large the second alternative would become less likely. 

In the present work a start along these lines was made with a 
number of adenine-requiring mutants of A. nidulans. Infertility of 
crosses involving allelic adenine-requiring mutants unfortunately 
prevented an adequate number of pairs of alleles being tested against 
each other for recombination for this purpose. On the other hand, 
information was obtained which suggests that multiple exchanges 
within very short chromosome segments may occur with a much 
greater frequency than expected (Pritchard, 1954). These observations 
may help in understanding of the mechanism of crossing over. 
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2. ANALYSIS OF MEIOTIC RECOMBINATION 
(i) Material and preliminary experiments 


Unless otherwise stated the techniques and notations are those used for the 
genetics of A. nidulans (Pontecorvo, 1953). In the present work two recessive 
mutants are termed allelic, if a heterozygote in trans or heterokaryon between them 
is mutant in phenotype. The present work is primarily concerned with nine allelic 
adenine-requiring mutants located very close to the locus “‘ yellow” (_y) (fig. 1) 
and obtained by Macdonald and Pontecorvo (1953) following U.V.-irradiation of 
a biotin-requiring strain (4i,). The mutants are designated as follows (isolation 
numbers in brackets) : ad, (S5C2); ad,, (S5D2) ; ad,, (S5D3) ; ad,, (S5C3) ; 
ad, (SSE5) ; ad,g (SSE8) ; adgq (S6.2) ; adg, (S3A1) ; adgg (S4A3). The first 
six were all derived from one irradiated suspension ; they could have represented 
repeated isolations from a single mutant clone. The genetic analysis reported in 
this paper, however, indicates that at least five were mutants of independent origin. 
With the exception of ad.9, which was selected for study because it was phenotypically 
distinguishable from all but ad,,, the nine mutants are a random sample of the 
available adenine-requiring mutants located immediately to the right of». Markers 
at other loci used in this work are indicated in fig. 1. The map distances given 
were obtained by pooling data from a number of crosses (mainly unpublished data 
of other workers) giving homogeneous results. 


0:27 = paba, o15, yp 0*0022 ad, 0:06 bi, 
— | | | | 





Wy = OTS} 0°50 = ad, 
| oO | 


{ ~ | 





Fic. 1.—Linkage relationships of certain loci of two chromosomes. o: centromere. wy, 
(white) and y (yellow) : conidium colour mutants (wild type green). w, epistatic 
to »/Y. ad,, ad,, paba,, and 6i, nutritional requirement mutants: ad, adenine ; 
paba, p-aminobenzoic acid (P.A.B.A.) ; 6%, biotin. Two other markers not on the 
above chromosomes were also used: pyro, determining requirement for pyridoxin, 
and nic,, determining requirement for nicotinic acid. The recombination fractions 
are in part based on work (unpublished) by other workers in the Department of 
Genetics, University of Glasgow. In the text, tables and subsequent figures the 
mutants w,, paba,, bi,, pyrog, and nica, are referred to without their subscripts for 
convenience. Wild type alleles (all dominant) are indicated with capital letters. 


Estimates of the recombination fractions between y» and each of the nine ad 
mutants were difficult to obtain owing to extremely close linkage and, with the 
exception of four, qualitative data only are available. Data concerning these four 
are given in table 1. 

The nine ad mutants cannot be distinguished by the qualitative test of response 
to alternative growth factors, growth being supported in all cases by adenosine, 
adenine or hypoxanthine, and to a limited extent by 4.amino-5. imidazole carbox- 
amidine (kindly supplied by Dr Nimmo-Smith) which exerts a marked sparing effect 
on adenosine. Two mutants, ad,, and ado, can grow to a limited extent on minimal 
medium (M.M.) on which they produce characteristic, slow-growing, aconidiate 
colonies and can therefore be distinguished from the rest. adgq is distinguishable 
from all the others since it is specifically suppressed by a recessive mutant on the 
other arm of the same chromosome and more than 50 map units away (Pritchard 
and Kafer, unpublished). 

Three methods have been used to establish that the ad mutants are allelic. 
Firstly, balanced heterokaryons between strains carrying ad, and strains carrying 
each of the other ad mutants were synthesised on adenine-supplemented medium 
and then transferred to adenine-deficient medium. The heterokaryons were 
balanced on other nutritional requirements. In no case was good growth main- 
tained on transfer to adenine-deficient medium although repeated tests were made. 
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Secondly, diploids (Roper, 1952) heterozygous for three pairs of mutants (ad,, 
and ad,; adj, and ad,; and ad, and ad,) were synthesised ; all had mutant 
phenotypes, i.e. indistinguishable from that due to the “‘ higher ” allele. Finally, 
from crosses between those pairs of mutants which were fertile (vide infra) no diploid 
adenine-independent types were obtained from platings of large numbers of asco- 
spores on adenine-deficient medium. Many would have been expected if the 


TABLE 1 
Recombination fractions between y and four alleles of the adg region 





Segregations 





Cross * Selection t Recombination 


Y | Total | Cross-| Total fractions 


overs 








w ad, paba y AD, BI 
WAD, PABA Y ad, bi 





W AD, AD, 1018 2 | 1020 | 
-| 6 | 2705 | 0:0022-+0-00090 
paba y ad, BI PYRO | 


pee _2 ete BE PYRO | ap, Pr 681 | 168 
PABAY AD, bi Pyro alias oe ee 








wad, paba y AD, BI 
WAD, PABAY ad, bi | “4D: AD. | 47 2| 473 





12 | 3938 | 0:0030-+0-00088 
paba y AD, BI pyro 
PABA Y ad, bi PYRO 





AD» PYRO | 3455 10 | 3465 

















wad, paba_y AD,, BI : 
WAD, PABAY ad,, bi | “4D: 4Du | 54 0 54] 





9 | 2368 | 0-0038+0-0013 
_paba_y AD, BI Lore PYR | 
PABA Y ad,, bi PYRO AD, O | 2305 Q | 2314 


wad, paba yAD,, BI 
WAD, PABAY ady, bi W AD, AD, 216 fe) af 


1 | 2087 | 0:00048-+0-00048 
1871 | 








_paba yAD,, BI pyro ; 
PABA Y ad,, bi PYRO 





AD,, PYRO | 1870 I 
































* Symbols above the fraction signs give the genotype of one parent, those below that of the other. 
_T Ascospores from each cross were plated on minimal medium supplemented with p-aminobenzoic 
acid and biotin only. 


_ All apparent recombinants between y and ad were checked for diploidy. A few diploids did arise 
iM most crosses : they are not included in the table. 


mutants had been physiologically non-allelic since in A. nidulans about 1 in’ every 
100 ascospores is unreduced (Pritchard and Pontecorvo, 1953; Pritchard, 1953 
and unpublished). 


(ii) Crosses involving pairs of different ad alleles 


Attempts to improve the fertility of crosses involving allelic ad 
mutants by variation of a number of conditions were all unsuccessful. 
A slight improvement in fertility was usually observed, however, 
when crossing was carried out on “‘ sporulating minimal medium ” 
(Pontecorvo, 1953), and when the petri dishes containing the hetero- 
karyons were partially sealed with ‘‘ cellotape”’. All crosses between 
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strains with different ad alleles were therefore carried out under these 
conditions. 

ad, and ad,,.—The procedure adopted for crossing strains carrying 
these two mutants and the detection and isolation of adenine- 
independent types will be given as an example of the procedure 
adopted in subsequent crosses. 

A balanced heterokaryon between two strains pabay ad, and 
ad,,bi was obtained by inoculating conidia from both strains together 
on minimal medium supplemented with adenine only. The hetero- 
karyon was transferred to petri dishes containing sporulating minimal 
medium plus adenine. ‘The dishes were sealed with “ cellotape ” 
and incubated for at least three weeks at 37°. 

Large numbers of perithecia were collected from the heterokaryon 
and washed in a 1/1000 solution of detergent (“‘ calzolene oil”) to 
remove as many conidia as possible. The washed perithecia were 
crushed and the ascospores suspended in saline. 

The suspension contained 2-13 x 108/ml. ascospores and approxi- 
mately 7-0 x 10°/ml. conidia. ‘The heavy conidial contamination was 
unavoidable owing to the relative infertility of the cross which 
necessitated collecting many thousands of perithecia, each with very 
few ascospores but with many conidial heads adhering to it. Complete 
removal of adhering conidia by washing was not possible. 3-6 ml. 
of the suspension was added to molten agar minimal medium supple- 
mented with p-aminobenzoic acid and biotin. This was poured as 
a top layer on ten petri dishes already containing 10 ml. solidified 
medium with the same supplements. Each dish was therefore 
inoculated with about 7-67 x 10° ascospores and 2-52 x 10® conidia. 

From this plating (table 2) 365 adenine-independent colonies were 
obtained of which 10 were green and 355 yellow. All the greens and 
a sample of 179 of the yellows were tested for nutritional requirements. 
One hundred and thirty-six of the tested yellows were crossovers 
between y and 42 although the standard map distance between these 
loci is less than 6 units. There is clearly an association between the 
origin of adenine-independent colonies and crossing over between y 
and i. All of the crossovers between » and i have the genotype 
y bi; there are no crossovers of the complementary type. 

The simplest interpretation of these results is that ad,, and ad, 
are mutants of different loci, the former located nearest to _y, and that 
adenine-independent types can arise following an exchange between 
them. The absence of adenine-independent colonies with the genotype 
Y BI makes it unlikely that unequal crossing over is involved. 

If the adenine-independent types arose exclusively as a result of 
crossing over between the alleles about 6 per cent. would be expected 
to have the parental association of markers »y BJ in the absence of 
interference (t.e. double crossovers with one exchange between the 
alleles and a second between ad, and bi). In fact, over 24 per cent. 
of the yellows tested were of this type. Making the same assumptions, 
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no adenine-independent colonies with Y bi would be expected owing 

to the extremely close linkage between _y and ad,,, but 10 were obtained. 

Back-mutants of ad,, or ad, among the ascospores or conidia 

plated would also produce adenine-independent colonies with the 
TABLE 2 


Detection and estimation of recombinants from a cross 
involving ad,, and ad, 









































ba AD,, ad, BI 
C — pa P 11 445 
TOSS *~ PABA Yad, AD, bi 
Spores plated 
Spores plated on : Selection { Clee 
Total ‘ Per dish 
M.M. +adenine PABA BI | Ascospores | 9:06 104 | 9:06 x 10° 1000 
(approx.) 
M.M.-+p-aminobenzoic | AD,, AD,| Ascospores | 7:67 x 108 | 7-67 x 105 365 
acid + biotin Conidia | 2-52x 107 | 2°52 108 
| 
Classification of adenine-independent colonies 
| PABA BI | paba BI oo PABA bi wt paba bi Total 
| | | | 
Yellow 355 | 6 37 179 
(179 tested) 
Green 9 10 o | 0 10 | o 10 




















Estimation of the recombination fraction between a and ad, 
(see text p. 349) : 
n = No. of ascospores plated on minimal medium with adenine = 9-06 x 10¢ 
a, = No. of colonies produced by n ascospores = 1000 
(n—a,) 
m = No. of ascospores plated on minimal medium with p-aminobenzoic acid and 
biotin = 7-67 x 10 
b, = No. of colonies obtained from m ascospores = 365 
= (m—b,) 
x = Recombination fraction between paba and bi. 
in this and subsequent calculations. 
h = Fraction of ascospores viable and from hybrid asci = 2a,/nx = ovr! 
S.En = V(1/a,+1/aq). h?(2—hx)?/4 = /h(2—hx)/nx = 0:0035 
q = Recombination fraction between ad,, and ad, = nb,x/ma, = 0-00086 
S.E* = +/q[nx(2—hq) +mq(2—hx)]/mnhx = 0-000053 


parental combinations Y bi and y BIJ and might thus account for the 
excess of these types obtained. Platings of large numbers of conidia 
from both parental strains (table 3), however, and also from the 
heterokaryon from which the ascospores had been obtained (table 3) 
failed to yield any adenine-independent colonies. The plating from 
the heterokaryon was made in view of the possibility that back- 
mutation during its growth could have produced a clone of non- 
mutant nuclei. 

Clearly the excess of adenine-independent colonies with the 
parental combinations of markers Y bi and y BI could scarcely have 


a, = 


A value of 0-2 has been used 
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been due to back-mutation unless the mutation frequency were 
enormously greater in ascospores than conidia. Thus, even if the 
viability of ascospores was 100 per cent. (certainly an overestimate), 


TABLE 3 


Summary of available data regarding back-mutation of a 
number of alleles of ads 











Origin of Ss : : 
; pores Total Density i 
ppm plated Plated on plated per dish Colonies 
pabayad, . . | conidia | M.M. with | 2:03x 108 | Varied between to) 
P.A.B.A. 2°03 X 107 and 
5°07 X 108 
ad, bi+pabay ad, | conidia M.M. with | 2:16x 107 2°16 X 108 (0) 
(Heterokaryon) P.A.B.A. 
and biotin 
Complete 360 Y 182 
medium y» 96 
adj, bi : . | conidia | M.M. with | 4:92 x 108 1°23 X 107 to) 
biotin 
ad,, bi ; . | conidia M.M. with | 2°63x 108 | Varied between te) 
biotin 4°83 X 10? and 
4°83 X 10° 
paba y ad,+ad,, bi | conidia | M.M. with | 4:80 x 107 4°80 x 10° ° 
(Heterokaryon) P.A.B.A. 
and biotin 
Complete 510 Y 376 
medium » 36 
ad, bi : . | conidia M.M. with | 1+58x 108 See table 4 ° 
biotin 
ady, bi : . | conidia M.M. with | 3:25 x 107 5°42 X 108 fo) 
biotin 
ascospores | M.M. with | 2°15 X 107 1°79 X 108 to) 
+ biotin + 
conidia 6°79 xX 108% 5°66 x 105 


























and if 9 of the 43 y BI colonies are considered to be double crossovers, 
the frequency of back-mutation of ad, among ascospores would be 
nearly 10-*. It is possible, however, that rare back-mutant nuclei 
in the heterokaryon would have a greater than random chance of 
participating in perithecium production and that the perithecia so 
produced would give rise to a greater number of ascospores than 
those originating from two ad nuclei. 

That adenine-independence was not due to mutation at a non- 
linked or loosely-linked suppressor locus, except perhaps in a small 
proportion of colonies, was shown by outcrossing to wild type a 
number of adenine-independent colonies of each class with respect to 
their Y/y and BI/bi genotype. No adenine-requiring segregants were 
obtained from any of these crosses. 

That colonies with the phenotypes Y or BJ were not heterozygous 
diploids was shown by measuring the conidium diameter of all such 
types. None was outside the haploid range (Pontecorvo e¢ al., 1954). 

Further discussion on the origin of the large number of adenine- 
independent colonies carrying the parental combinations of markers 
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will be deferred until the results obtained from similar crosses involving 
other pairs of alleles have been considered. 

The recombination fraction between ad,, and ad, was estimated 
in the following manner (Roper, 1953). It was assumed in the first 
instance that all adenine-independent colonies were recombinants 
between the two alleles. 

A dilution of the original suspension of ascospores was spread in 
ot ml. amounts over the surface of 10 petri dishes containing solid 
minimal medium supplemented with adenine, and the number of 
colonies produced was counted. These are recombinants PABA BI. 
Taking the recombination fraction between paba and bi as 0-2, the 


TABLE 4 


Experiment to test for inhibition of an adenine-independent strain 
by conidia of an adenine-requiring strain 











+a Estimated conidia Estimated conidia : 
Conidia : : Colonies 
plated on : aad x i ES = (all yellow) 

M.M. + biotin 9°50 X 10 112 117 
4°75 X 108 112 123 

9°50 X 10% 112 145 

4°75 X 10° 112 129 

9°50 X 108 112 124 

4°75 X 10? 112 141 

9°50 X 107 112 237 





(two dishes) 

















number of colonies counted will represent one-half of this fraction, 
te. OI Of the viable ascospores plated of crossed origin. The pro- 
portion of ascospores of this type in the original suspension can 
therefore be estimated, and the recombination fraction between the 
two alleles calculated in the manner shown in table 2. I am indebted 
to Dr A. Durrant for the method of calculating the standard error 
of this estimate. 

Calculation of the recombination fraction in this way is open to 
a number of sources of error such as inaccuracy of dilution and plating, 
differential viability of ascospores of different genotypes on different 
media, and at different density of plating (cf Grigg, 1952), and 
probably most serious, variation of the recombination fraction between 
paba and bi from the standard value. In the present work, however, 
qualitative rather than quantitative information was required. The 
experimental data in table 4 indicate that inhibition of adenine- 
independent strains by high concentrations of adenine-requiring 
conidia (‘‘ Grigg effect”) does not occur at concentrations used in 
this work. 

ad, and ad,»., ad, ady,, A@dy9.—These four crosses were carried 
out in exactly the manner previously described, the strain paba _y ad, 
being crossed to adj» bi, adyg bi, ady, bi and ad, bi. The data are 
given in table 5. 






















































































350 R. H. PRITCHARD 
TABLE 5 
Detection and estimation of recombination in crosses involving ad, 
and each of four other alleles 
T f ‘ paba »AD, ad, BI* 
ype on CrOSS * PABA Yad, AD, bi 
Spores on M.M.-+- 
Allele p-aminobenzoic acid Ascospores 
sana +biotin (selecting on M.M.+ Recom- 
oniiie AD, ADs) Colonies} adenine |Colonies| bination 
8 ‘alt (selecting fraction 
. PABA BI) 
Total Per dish 
ad,, | Ascospores| 3°60 x 10% | 4:00 X 105 III 
Conidia | 1-44x107 | 1:60x 10° 
Ascospores | 6:00 x 10° | 2°00 X 10° 28 
Conidia | 2-40x 108 | 8-00 x 105 
Total 
Ascospores | 4°20 X 10% 139 «| 5°11 X 10! 282 0°0012+ 
Conidia | 1°68x 107 0:00012 
ad,, | Ascospores| 6*34x 108 | 1°58 xX 108 65 
Conidia | 1°15 x 108 | 2-87 x 10% 
Ascospores | 3:17 X 108 | 7°92 X 10° 36 
Conidia | 5:75 x 105 | 1°44 105 
Ascospores | 3:17 x 108 | 3°96 x 105 38 
Conidia | 5+75x 105 | 7:19 xX 104 
Total 
Ascospores | 1°27 X 107 139 | 3°34 X 104 52 0:0014+ 
Conidia | 2:30 x 108 0*00042 
ad,, _| Ascospores| 4:20 X 10° | 8-40 x 10° 28 =| 5:20 rot 56 | o-o012+ 
000029 
Conidia | 1-20 107 | 2°40 X 108 
ado Ascospores | 3°94 X 10° | 6-56 x 10° 80} | 9°37 X 104 236 0-0016+ 
000021 
Conidia | 122x108 | 2:03 x 105 | 
| I 
Classification of adenine-independent colonies 
Allele 
ae PABA BI| paba BI | PABA bi | taba bi Totals 
ad, 
adj yellow 7 24 17 85 133 
green I te) 4 I 6 } 139 
ad,, yellow "| 24 16 86 133\ . 
green 0 0 4 2 GI 39 
ad, yellow 2 8 4 13 27\ . 
a green 0 oO I re) EF 28 
ado yellow 2 10 24 35 71 
green oO I 6 I 8 79 
































* ad, represents either ad, 9, ad,¢, ad, OF ado. 


t One colony (Y bi) had a growth rate less than wild type and was stimulated by 
adenine. It probably carried a suppressor. It is not included in the lower table or in the 


estimate of the recombination fraction. 
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Adenine-independent colonies arose in each cross. In each case 
there was a clear association between adenine-independence and 
crossing over between » and 6:2, the simplest interpretation of the data 
being that ad, lies to the right of each of the other four alleles. 

It is remarkable that the relative frequency of the four possible 
genotypes with respect to y and bi among the adenine-independent 
colonies is very similar in each cross (embarrassingly so in the case 
of the crosses to ad,, and ad,,). The data from all five crosses so far 
discussed involving ad, are in fact statistically homogeneous in this 
respect; the high proportion of colonies carrying the parental 
combinations of the markers » and 47 being consistently obtained. 

In view of the fact found later that reversion of ad,, strains due to 
suppressor mutation occurs frequently, it cannot be excluded that a 
proportion of the Y bi colonies obtained from the cross involving this 
mutant were of this type. In fact, one had a sub-normal growth rate 
and was stimulated by adenine. ‘Two others, outcrossed to an 
adenine-independent strain, gave no ad progeny. 

ad, and ad, ).—The proportion of adenine-independent colonies 
from this cross was extremely low (less than 10~*) and the data in 
table 6 are the results of four separate platings of ascospores. 

Out of 28 adenine-independent colonies obtained 14 were Y BI. 
This suggests that adj, lies at a locus to the right of ad, representing 
a third locus in the series. However, the occurrence of 3 colonies 
with the complementary genotype (y 42) suggests that unequal crossing 
over may be involved in this case. 

A high proportion of colonies with the parental combinations 
y BI and Y hi was again encountered. The massive numbers of 
ascospores and conidia involved in platings from this cross increased 
the possibility that back-mutants might be contributing to these 
classes, but platings of conidia from both parental strains and from 
the heterokaryon from which the ascospore suspension was obtained 
(table 3) indicated a very low back-mutation rate in conidia. 

ad,, and ad,,.—With the exception of the cross involving ad, 
and ad,,, attempts to cross together in pairs the four alleles located 
to the left of ad, failed due to infertility. 

The technique in the cross involving adj, and ad,, was slightly 
different from that previously used. The presence of an additional 
marker pyro, made possible a more reliable estimate of the percentage 
of viable ascospores from hybrid asci (table 7). In addition, exclusion 
of pyridoxin from the medium when selecting for adenine-independent 
types cut down the background growth caused by conidia from the 
ad,, parent and by ascospores from zygotes of selfed ad,, origin. 

Adenine-independence was again associated with crossing over 
between y and Ji, the data indicating that ad,, is located to the left of 
ad,,. The proportion of colonies with the parental combinations y BI 
and 2 bi was again high although a low back-mutation rate for ad1, 
both in ascospores and conidia is indicated by the data in table 3. 
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(iii) Discussion 


In each of the seven crosses so far analysed the origin of adenine- 
independent colonies was associated with recombination’ between » 


TABLE 6 
Detection and estimation of recombination in a cross 
involving ad, and ado 
paba yad, AD, BI 
PABA YAD, addy bi 





Cross : 





Spores on M.M.-+- 





p-aminobenzoic acid Ascospores 
+biotin (selecting on M.M.+ Recombin- 
Plating AD, AD) Colonies} adenine | Colonies ation 
(selecting fraction 
os PABA BI) 


Total Per dish 








I Ascospores| 3°00 X 10” | 2°73 X 10% II 7°74X104| 875 
Conidia | 165x107 | 1*50x 10° 


2 Ascospores | 3°85 X 10® | 2*14.x 10° I 4°34 X 104 41 
Conidia Not 
recorded 
3 Ascospores| 1°12 X 10" | 9°35 X 10° 3 1*18X 10% 488 
Conidia Not 
recorded 
4 Ascospores | 3:09 x 107 | 2:06 X 10° 13 1-07 X 105 705 


Conidia | 5:09 x 10° | 424x105 
































Total of 4 
platings : 
Ascospores | ‘7°59 X 10? 28 3°46x 10° | 2109 | 0:000012+ 
0:0000024. 
Classification of adenine-independent colonies 
PABA BI paba BI PABA bi paba bi Total 
Yellow fe) 3 oO 3 6 
Green 12 2 8 te) 22 

















and bi. Nevertheless the proportion of such colonies carrying the 
parental combinations y BJ and Y bi was in every case much higher 
than expected on the assumptions that all adenine-independent types 
resulted from crossing over between alleles and that there was no 
interference. The first suggestion which comes to mind is that a 
proportion of the adenine-independent colonies originated by back- 
mutation. The following evidence, however, makes this interpretation 
unlikely. 

First, the data summarised in table 3 indicate a very low back- 
mutation rate among conidia for all alleles so far tested. In one case, 
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adj, (table 3), the incidence of back-mutation was also tested among 
ascospores: no back-mutant was present in 2-15 X10’ ascospores. 
(It was not possible to make this test with other alleles owing to self- 
infertility.) 

Second, the relative frequencies of the four genotypes y bi, Y BI, 


TABLE 7 
Detection and estimation of recombination in a cross 
involving ad,, and ad,, 


Cross: Paba___y ADeady, BI PYRO 
* PABA Yad,,AD,, bi “pyro 











Spores plated 
Spores Selection Colonies} Rec. 
plated on fract.* 


Total Per dish 








M.M.+p- |AD,¢AD,, PYRO} Ascospores| 3:71 X 10" | 3°09 X 10% 57. | 0°00089 
aminobenzoic Conidia | 1°57 107 | 1-31 x 108% 
acid + biotin 0-00028 


M.M.-++aden-}| PABA PYRO | Ascospores| 8-19 x 104 | 1-36 104 141 
ine+ biotin 























Classification of adenine-independent colonies 

















PABA BI paba BI PABA bi paba bi Total 
Yellow I 5 4 36 46 
Green | o o 10 I Ir 














* In this cross the fraction of viable ascospores from hybrid asci is 4a,/n ; the recombin- 
ation fraction is nb,/ma,, and its S.E. is »/q[n(4—hq)-+mq(4—h)]/mnh. I am indebted 
to Dr O. Frydenberg for the calculation of this standard error. Symbols as in table 2. 





y BI and Y bi among adenine-independent colonies from the five 
crosses involving ad, and the alleles to the left (tables 2 and 5) are 
statistically homogeneous. This would not be expected if back- 
mutants contributed appreciably to the two parental classes y BI 
and Y bi since back-mutant nuclei would have a clonal distribution 
and their frequency would be subject to considerable fluctuation in 
different crosses (Luria and Delbruck, 1943). 

Finally, and most significant, is a comparison of the data from 
the crosses between ad, and the alleles to the left on the one hand, 
and between ad, and ad,, on the other. The frequency of adenine- 
independent colonies obtained from the former crosses is greater by a 
factor of nearly 10? than in the latter. If the majority of y BI colonies 
obtained in the former was due to back-mutation of ad,, then in the 
latter cross the proportion of such types to crossover types should be 
very much higher. This was not found, however; the proportion 
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of the two types remains approximately the same. Such a result is 
inconsistent with the view that the majority of _» BJ colonies are back- 
mutants of ad,. 

Four other alternatives which might account for the observed me 


results were therefore considered ; unequal sister strand crossing th 
over ; the presence of rearrangements ; negative interference ; and of 
some form of gene conversion or transformation. pr 
Unequal sister strand crossing over might be capable of producing (P 
adenine-independent colonies with the parental combinations of the Fo 
markers y and $i, but the argument against back-mutation applies 
equally well here, viz. that the frequency of such an event should be th 
independent of the frequency of recombination between the alleles, We 
An inversion in one or both strains used to test two alleles against ass 
each other might account for the large proportion of adenine- Se 
independent colonies not apparently associated with crossing over ; @! 
between y and bi by elimination of a proportion of the single cross- of 


overs between the alleles. It has proved impossible to construct a ob 
model for any simple system of rearrangements that will satisfactorily mi 
account for the results obtained from crosses involving pairs of alleles, ou 
taking into account that crosses involving each ad mutant and an ass 
adenine-independent strain gave no evidence of the presence of ; 4 
inversions. More conclusive evidence against this alternative was int 
obtained from the results of mitotic analysis (see section 3). 

Negative interference would need to be very intense to account 
for the observed results. Thus the greatest observed value for the to 
recombination fraction between y and any ad mutant was 0-0038 
(table 1). The smallest value for the same recombination fraction 
computed among crossovers between two ad mutants was 0:027 (from | Th 
the cross involving ad,, and ad, in which there were 10 Y bi colonies wh 
among 365 adenine-independent). It should be realised that the fol 
term “negative interference” is merely a description, not an 
explanation, of the fact that a crossover betwen two ad alleles is 
associated with one or more further exchanges nearby more often 
than by chance. 

A distinction between negative interference, mutation and gene 
transformation (or in other words, a high mutation rate in hetero- } me 
zygotes) could be made by means of tetrad analysis, but the low 
incidence of adenine-independence in crosses involving alleles and 
the infertility of these crosses makes this impracticable. On the | gi, 
other hand, the occurrence of mitotic crossing over in heterozygous | ac 
diploids of A. nidulans makes the analysis of half-tetrads possible and by 
at the same time allows the automatic selection of half-tetrads in 
which a change of phenotype from adenine-requirement to adenine- | , 4 
independence has occurred (Roper and Pritchard, 1955). An analysis | thy 
of this type was therefore undertaken. It was based on the assumption } we 
that crossing over is substantially the same process at meiosis and at | on 
mitosis. 
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3. ANALYSIS OF MITOTIC RECOMBINATION 
(i) Introduction 


Following the synthesis of heterozygous diploid strains of A. 
nidulans (Roper, 1952) and the discovery of mitotic segregation in 
these (Pontecorvo and Roper, 1953), the analysis of the mechanisms 
of mitotic segregation has now progressed to the point where this 
process can be used for genetic analysis outside the sexual cycle 
(Pontecorvo, Roper and Forbes, 1953 ; Pontecorvo, Tarr Gloor and 
Forbes, 1954; Pontecorvo and Kafer, 1954). 

The purpose of the experiments described in this section was 
threefold. Firstly, to test the possibility that “‘ negative interference ” 
was involved in the origin of adenine-independent colonies not 
associated with recombination in crosses involving pairs of alleles. 
Secondly, to explore the possibility of using mitotic crossing over as 
a method of genetic analysis of the linear relationships between alleles 
of ad,, thereby circumventing the obstacle of infertility. Finally, to 
obtain recombinants carrying two ad alleles in coupling, thereby 
making it possible to follow the segregation of three alleles simultane- 
ously. They would also make it possible to verify what had been 
assumed from. the fact that all the ad alleles are recessive, namely that 
a strain heterozygous for two alleles in cis would be adenine- 
independent. 

(ii) Techniques 

In the following experiments three operations were involved. The first was 

to obtain a diploid heterozygous for two ad alleles. The second was to obtain 


adenine-independent diploid colonies from such a diploid. The third was to 
determine the genotype of these colonies. 

Two diploids heterozygous for ad, and ad,, were synthesised (see Roper, 1952). 
These two alleles were chosen because they are phenotypically distinguishable 
which, as will become apparent, was a decisive advantage. The diploids had the 
following genotypes : 

I. W_ paba y AD, ad, BI NIC 
w PABA Y adj, AD, bi _ nic 


Il. paba yAD,, ad, BI PYRO 
PABA Y adi, AD, bi pyro 


As expected they were adenine-requiring and on minimal medium were inter- 
mediate in phenotype between ad, and adjg. 

When selecting adenine-independent colonies from these diploids doubly hetero- 
zygous in trans, it was important to avoid isolating from a single clone more than 
once. To this end, conidia from either diploid I or II were plated, about 10 per 
dish, on agar medium lacking adenine. The conidia gave rise to slow growing 
aconidiate colonies, and when these were about 1 cm. in diameter they were covered 
by a thin layer of the same medium. During further incubation very slow growth 
of the colonies occurred through the covering layer of medium. Hyphz in which 
“adenine-independent nuclei’? were present would have an enormous selective 
advantage over hyphe with only “‘ adenine-dependent nuclei” and would reach 
the surface first, giving rise to rapidly growing conidiate colonies. Such reversions 
were readily obtained and a single-conidium isolation made from each. Since only 
one adenine-independent strain was isolated from a single adenine-requiring colony, 
repeated isolation from a single clone was excluded. Only about ro per cent. of 
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the colonies produced adenine-independent recombinants by this technique, 
indicating that the rate with which these arise is very low. 

The techniques employed for the determination of the genotype of the adenine- 
independent diploids obtained from the diploids I and II were those in routine 
use in A. nidulans (Pontecorvo et al., 1954; Pontecorvo and Kafer, 1954) and will 
not be redescribed here. The determination of the genotype with respect to ad, 
and ad,, requires explanation, however. 

As is made clear in fig. 2, adenine-independent diploids of two types would be 
expected, presumably with equal frequency, following a single mitotic exchange 
between the two alleles. One carries the reciprocal products of a mitotic exchange 
between the two alleles, the other has one crossover and one non-crossover strand. 
A number of diploids apparently of the former type were obtained, i.e. they were 
prototrophs (a diploid of the latter type would be biotin-requiring), they had the 


paba yAD,,ad, BI 














PABA Yady, AD, bi 


paba yAD,,AD, bi paba yADy, AD, bi 


2—o 2 —0 














3 —o—— 4 —o 

PABA Y ad,, ad, BI PABA Yad, AD, bi 

Fic. 2.—Types of diploid segregants produced following a mitotic exchange between 

ad,, aud ad,. In this and subsequent figures the parent diploid is shown with the 

two homologous chromosomes divided into chromatids joined at the centromere. 

The four chromatids are numbered. In the segregant diploids the two homologues 

are shown as single strands. Segregants not possessing chromatid 2 are not shown as 
they will be adenine-requiring. 


constitution y bi/Y BJ and therefore carried the complementary products of a mitotic 
exchange between » and i, and the » i strand carried the wild type alleles of ad,, 
and ad,, suggesting that the mitotic exchange had taken place between the two 
alleles. Such diploids should carry the two alleles ad,, and ad, in cis on the other 
strand, i.e. that carrying Y and BJ. Haploids carrying the Y BI strand from all 
diploids of this type were adenine-requiring and the majority had a phenotype 
indistinguishable from that of ad,. In the parent diploid ad, was in coupling with 
y but it was now apparently in coupling with Y. This was again suggestive that the / 
Y BI strand in segregant diploids of this type carried both ad,_ and ad, and, as might 
be expected, that the phenotype of haploids carrying both these alleles in cis was 
identical with that of the more extreme of the two alleles (ad,). Proof of this was 
obtained by outcrossing a haploid of this type to an adenine-independent strain 
and recovering the less extreme mutant (adj,). 

The technique for separating ad,,_ from ad, was as follows. Since recombination 
between the two alleles is rare, the technique had to be selective. From a suspected ! 
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double mutant with the genotype (ad,,)ad, pyro, a recombinant (ad,,)ad, bi was 
obtained. This was outcrossed to a strain paba y. Ascospores were plated on 
minimal medium supplemented with adenine and any green colonies which arose 
were tested for adenine-requirement (table 8). These colonies (Y BJ) are all 
crossovers between y and bi. Since the ratio of the distances between ad,, and ad, 
on the one hand and ad, and bi on the other is about 1 : 50, about 2 per cent. of 
the colonies tested should be crossovers between ad,, and ad, and carry the single 
mutant adj, if it is present. In fact 3 ad,, AD, recombinants were obtained out of 
129 colonies tested. The presence of ad,. in the double mutant was therefore proved. 

The result shows beyond doubt that a heterozygote with ad,, and ad, in cis is 
wild type while the heterozygote in trans is mutant, and the Lewis effect is therefore 
established in this case. 

TABLE 8 
Recovery of ad, from a double mutant ad,, ad, 


PABA Y ady, ad, bi 























es: aa 
| 
Segregation 
| 
Ascospores . : _- 
plated on : Selection | Total 
AD,, AD,* | ad,, AD, AD, ad, 
or ad,, ad, | 
— ea | 
M.M. + adenine PABA Y BI I | 3 125 129 

















* Diploids (6) with this phenotype were also obtained. 


(iii) Results 


A total of 43 adenine-independent diploids was obtained in the 
manner already described from one or other of the parent diploids. 
The genotype of all but two of these was determined by further 
analysis. They fell into 13 classes with respect to their phenotype 
and genotype (table g) and the origin of each class will be considered 
in turn. In what follows the chromosome of a diploid carrying » 
will be called the yellow strand and that carrying Y, the green strand. 

Crass 1.—The origin of diploids of this type has already been 
discussed. They carry the reciprocal products of a mitotic exchange 
between the alleles. The genotype ad,, ad, has been inferred from 
the fact that a haploid carrying the green strand, or a diploid homo- 
zygous for this strand, has a phenotype identical with that of ad,, 
since this allele was in coupling with » in the parent diploid. In one 
case the presence of ad,, has been proved by outcrossing as described 
before (table 8). 

Crass u.—Diploids of this type have the genotype expected 
following a single mitotic exchange between the alleles and inclusion 
of one crossover and one non-crossover product in the same daughter 
nucleus (see fig. 2). 

It should be noted that whereas 16 diploids of Class ii were 
obtained, there were only 8 in Class i. On the assumption that normal 
mitotic segregation of the centromeres occurs after a mitotic exchange, 
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equal numbers of these types were expected. Although the deviation 
is not significant, it is possible that the two chromatids involved in 
one mitotic crossover tend to segregate to opposite poles with greater 
than random frequency. 















































TABLE 9 
The phenotype and genotype of adenine-independent diploids obtained from the two 
parent diploids heterozygous for ad,, and ad, 
Class no. | Phenotype Genotype * No. obtained 
wild type | paba__y ADyg AD, _ bi 8 
| | PABA Y ad, ad, BI 
ii biotin-requiring paba __ JAD AD, bi 16 
| ‘PABA Yad, AD, bi 
ii wild type | pabe__yADy AD, BI 1 
‘ PABA Y ad,, ad, bi 
‘ wild type paba PAD, AD, _ bi . 
PABA Y ady, AD, BI 
iat paba__y ADyy AD,_BI 
. ee PABA Y ad, AD, bi . 
vi biotin-requiring | MBA A — I 
| 
vii wild type peba J Ody AD, BI | I 
PABA YAD,.4D, bi | 
aa Sit ten paba yAD,, ad, BI j 
_ ee | “PABA YAD,, AD, bi : 
| 
ix | biotin-requiring | i ne ap : I 
| 
ae eee | aba ~——s« Y ADy, AD, BI 
: |) PABA TY ad,, AD, bi 
a ae |  paba ~-y ADy, AD, BI 
i | PABA YAD,AD, bi | ; 
xii | yellow | Not analysed | I 
xiii | yellow, P.A.B.A., Not analysed | I 
| pyridoxin | 











* All were heterozygous for W/w and NIC/nic, or for PYRO/pyro except type xiii. 


CiassEs m1, 1v and v.—Diploids in each of these classes have 
genotypes expected following the simultaneous occurrence of two 
mitotic exchanges, one between the alleles and a second between 
ad, and bi. No other simple explanation can account for the genotype 
of Classes iii and iv, but Class v diploids would also be produced 
following back-mutation of ad,;. In fig. 3 the eight possible types 
that can be produced following a two-, three- or four-strand double 
exchange of this type are indicated. 
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The Class iii diploid requires a two-strand double exchange and 
inclusion of both crossover products in the same daughter nucleus. 
The presence of ad,, on the green strand in coupling with ad, was 
verified by outcrossing in the manner already described. 

The two Class iv diploids can only be produced following one type 
of three-strand double, or a four-strand double. On the assumption 
that the four types of double exchange occur with equal frequency 


















































abcd 
paba y AD, ad, BI 
I 
9 
4 0 
PABA Yad, AD, bi 
Type of | Chromatids 2 and 3 to Chromatids 2 and 4 to 
double daughter nucleus Class daughter nucleus Class 
paba yAD,, AD, BI iii paba yAD,, AD, BI ; 
. PABA Yad,,ad, bi PABA Yad, AD, bi , 
. paba y AD, AD, bi paba yAD,,AD, bi ss 
PABA Yad,,ad, bi PABA Yad,,AD, BI ™ 
: paba yAD,,AD, BI paba yAD,, AD, BI : 
F PABA Yad,,ad, BI PABA Yad,,AD, bi P 
d paba y AD,, AD, bi paba_yAD AD, _ bi : 
PABA Yad,,ad,. BI PABA Yad,,AD, BI * 























Fic. 3.—The 8 possible types of adenine-independent diploid produced by two mitotic 
exchanges, one between adj, and ad, and a second between ad, and bi. Daughter 
nuclei carrying chromatid 1 are adenine-requiring and are not shown. 

and segregation of the pairs of chromatids is random, diploids Class iv 

are expected to arise twice as frequently as diploids Class iii. The 

actual numbers are 2 and 1. 

The five Class v diploids require a two- or three-strand double 
exchange and repeating the same assumptions would be expected to 
occur with a frequency equal to that of Class iv. They could also 
occur as a result of back-mutation of ad, since they have a genotype 
identical with that of the parent except that ad, has been replaced 
by its wild type allele. There is no way of distinguishing between 
these two alternatives but the fact that back-mutation of ad, had not 
been previously encountered, and that diploids of this type produced 
by a double mitotic exchange were expected with a frequency at 
least equal to that of Class iv diploids, suggested that back-mutation 
was the least likely of the two alternatives. 
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The occurrence of possible back-mutants made it desirable to 
make a test for back-mutation of ad, in a diploid homozygous for this 
mutant. From such a diploid 3:42 x 108 conidia were tested and 6 
reversions were obtained, of which 5 were due to back-mutation of 
ad, on the green strand and 1 on the yellow strand (table 10). The 
first 5 may have been repeated isolates from a single clone, but the 
results indicate that at least 2 back-mutants were picked up. The 
origin of the Class v diploids cannot therefore be decided. 

Cxasses vi and vu.—The occurrence of these two diploids was 
extremely significant and their origin must be considered at some 
length. Both carried a strand with y and ad,, in coupling whereas 
in the parent diploids these were in repulsion. This can only be 


TABLE 10 


The genotype of adenine-independent mitotic segregants obtained from two diploids, 
one homozygous for ad, and the other for ad, 





Conidia plated | 
Parent diploid Genotype of adenine- | No. 
independent colonies jobtained 





| 
Total Per dish 








paba y ad, BI 
PABA Y AD, bi 





Bs OP as Beceten 3°42 X 108 | 5°70 X 107 5 


PABA Yad, bi 
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paba » AD, BI 
PABA Y ad, bi 


PABA YAD, bi* | 





W paba yad,, BI NIC 


W paba___y AD, BI NIC 
w PABA Yad, bi nic 
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* This haploid could be a contaminant or represent a case of back-mutation followed 
by haploidisation. 
satisfactorily accounted for it there has been an exchange between y 
and ad,,. As a result of this exchange the yellow strand should carry 
bi and this is found to be the case for diploid vi, but on the contrary 
diploid vii carries BJ on this strand. Unless the extremely improbable 
assumption is made that back-mutation of bi has occurred, a second 
exchange must have occurred between ad, and bi in this diploid. The 
green strand of both diploids carries the parental markers except that 
ad, has been replaced by its wild type allele. There are two possibilities 
that will account for this. Either back-mutation of ad,, has occurred 
or a further mitotic exchange between the alleles. 

If the former assumption is made then back-mutation of ad,, has 
on two occasions been accompanied by a mitotic exchange between 
y and ad,,. This can scarcely be due to coincidence since the recom- 
bination fraction between these two loci is not greater than 0-002. 

The results of meiotic analysis of crosses between alleles indicated 
that reversion to adenine-independence was associated with crossing 
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over between y and Ji. It was an extrapolation from the data, not 
necessarily correct, that the exchange occurred between the alleles. It 
might be argued that an exchange close to the right or left of the 
alleles might also result in an adenine-independent strand. If this 
were true it might be argued that the exchange between » and adj, 
in diploids vi and vii, and the reversion of ad,, are but two aspects 
of one event. Such an assumption is still unable to explain the 
genotype of diploids vi and vii, however, since the strand in which 










































































paba y  ADy,ad, BI 
I 
aa paba » tty AD, Wi 
2—0 
4-0 
PABA Y AD, AD, bi 
3 0 Diploid vi 
PABA Y ad, AD, bi 
paba y ADygad, BI 
I 
e O paba y  ad,,AD, BI 
2—0 
—o 
PABA Y AD, AD, bi 
ae Diploid vii 
PABA Y ad,,AD, bi 
paba y ADygad, BI 
I 
2 © paba y AD,,ad, BI 
I—-o— 
3 —oO 
PABA Y AD AD, bi 
Diploid viii 
PABA Y ad,,AD, bi 


Fic. 4.—Types of mitotic exchange which may produce diploids of classes vi, vii and viii. 
The parent diploid is shown on the left. 


reversion of ad,, to AD,, could have occurred cannot be either of 
those involved in the exchange between y and ad,,. One would have 
to assume that an exchange between two strands results in reversion 
of ad,, on a third. 

On the other hand, if it is assumed that an exchange between the 
two alleles greatly increases the probability of a second exchange 
nearby, as is strongly suggested by the results of meiosis in crosses 
involving pairs of alleles, then the genotypes of diploids vi and vii 
offer no difficulty. In vi an exchange between the alleles has been 
accompanied by a second exchange between y and ad,,, as indicated 
in fig. 4, and in vii an exchange between ad, and bi has occurred in 
addition (fig. 4). 

2A2 
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Since the conclusion that multiple exchanges have occurred to 
give rise to vi and vii is based on the fact that diploids of both these 
classes possess a strand with y and adj, in coupling, it should be 
pointed out that these diploids could not be contaminants. No 
strain, haploid or diploid, with these two mutants in coupling was in 
existence when these diploids were recovered. Moreover, vi was 
obtained from diploid II and was heterozygous W/w and NIC/nic 
and vii, from diploid I, was heterozygous PYRO/pyro. 

Crass vi.—The four diploids in this class are identical with the 
parent diploids except that ad,, has been replaced by its wild type 
allele. The absence of ad, from the yellow strand was in each case 
verified by outcrossing to an adenine-independent strain. Back- 
mutation of ad,, or certain types of double mitotic exchange between 
y, ady, and ad, (see fig. 4) will both produce diploids of this type. Since 
Class vi and vii diploids indicate that double exchanges of this type 
do occur, and since back-mutants of ad,, were obtained from a 
homozygote ad,,/ad,, (table 10), the origin of these diploids cannot 
be determined. 

CLASSES IX AND x.—These two diploids were similar in that both 
were homozygous Y/Y. Back-mutation of » to Y can be rejected as 
extremely improbable. There must therefore have been a mitotic 
exchange between paba and _» followed by segregation of one crossover 
and one non-crossover strand to the daughter (fig. 5). If there had 
been no further exchanges, both diploids would be homozygous 
bi/bt. Diploid xi, however, is heterozygous B//bi and a further exchange 
must have taken place between y and 62 unless mutation is again 
invoked. Both are, of course, adenine-independent. Either back- 
mutation of ad,, or two further mitotic exchanges are required. 

Thus two explanations to account for diploid x are possible. 
Either back-mutation of ad,, has been accompanied by a mitotic 
exchange between pada and _), or three mitotic exchanges have occurred 
simultaneously. Diploid xi similarly requires either back-mutation of 
ad,, together with two mitotic exchanges, or four mitotic exchanges. 

The occurrence of an exchange between paba and _» simultaneously 
with or subsequent to back-mutation of ad, in two diploids out of 41 
analysed can scarcely be due to chance, since the former event occurs 
with very low frequency. Thus from a plating of approximately 
500 conidia from both parent diploids no yellow colonies were 
obtained, although one-quarter of the mitotic exchanges between 7 
and the centromere would result in colonies of this type. On the other 
hand, it is difficult to understand the nature of an association between 
mutation and crossing over certainly at a different locus (the locus y 
intervenes between the sites of mutation and crossing over). The latter 
of the two alternatives would therefore seem the more reasonable. 

Crass xu.—The extraordinary aspect of the genotype of this 
diploid was that it possessed no ad allele at all. Either simultaneous 
back-mutation of both ad,, and ad, are required or four mitotic 
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exchanges, two of which must be between the alleles (fig. 5). It is 
unlikely that this diploid was a contaminant since it was heterozygous 
PYRO/pyro. 
(iv) Discussion 

Before discussing the significance of the results of mitotic analysis, 
it should be recalled (Pontecorvo et al., 1954 and personal communica- 
tion) that mitotic crossing over occurs with low frequency and that 
coincidence of two, let alone more, mitotic exchanges in the arm of 
the chromosome studied here is a rare event. 

























































































paba y  ADy,ad, BI 
1 
ae paba Y AD, AD, bi 
I —0o 
4 —o— 
PABA , Aa 
3 0 Diploid ix 
PABA Y adyAD, bi 
paba y  AD,,ad, BI 
1 
: O paba Y AD, AD, BI 
I —3@ 
4 —oO 
PABA Y adyAD, bi 
3 0 Diploid x 
PABA Y adj, AD, bi 
paba y AD,,ad, BI 
I 
e @ paba y  AD,,AD, BI 
2-0 
—o 
PABA Y AD AD, bi 
i § Diploid xi 
PABA Y adyAD, bi 


Fic. 5.—Types of mitotic exchange which may produce diploids of classes ix, x and xi. 
Only one of several possible types of strand arrangement is shown. 


Mitotic analysis has shown that there is an unquestionable associa- 
tion between reversion to adenine-independence and crossing over 
between y and ad,,, or between ad, and 47. In most cases it was also 
clear that the change from adenine-dependence to independence was 
due to or associated with crossing over between the alleles, but in 
some cases the results could also be interpreted as due to the 
simultaneous occurrence of back-mutation of one or other allele and 
mitotic crossing over elsewhere. The ambiguity of these types was 
due to the fact that if multiple exchanges indeed occurred, they were 
3- or 4-strand doubles, or multiples, in which more than two strands 
were involved. The reciprocal products in multiples of this type 
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cannot be recovered mitotically by our technique, though they could 
by tetrad analysis in meiosis. Alternatively the non-reciprocal 
products of a 2-strand multiple were recovered. 

Coincidence of back-mutation of ad, or ad,, with mitotic crossing 
over is unlikely owing to the rarity of the two events. On the other 
hand, an association between mutation and crossing over cannot be 
ruled out, particularly in view of the recent work of Mitchell (1955) 
with Neurospora. While we have no evidence at present that would 
favour an interpretation of this type there is positive evidence of the 
occurrence of additional mitotic exchanges following an exchange 
between alleles, as for example in Classes iii and iv. It therefore seems 
reasonable at present to conclude that possible cases of mutation 
associated with mitotic crossing over are instances of multiple mitotic 
crossing over in which, for the reasons already stated, both products 
of every exchange have not been recovered. 

If the results of mitotic analysis have been interpreted correctly’ 
a multiple mitotic exchange rate greater than expected at meiosis 
has indeed been observed. Thus types iii, iv, vii, x and xi, a total 
of 6, all have an exchange between ad, and Ji in addition to one 
between the alleles. The fraction of doubles is 6/36 or 16-7 per cent. 
(the 5 Class v diploids are excluded from this calculation since they 
are either back-mutants or doubles of the type considered here). 
Even if types vii and x are excluded as possible cases of back- 
mutation associated with crossing over and class xi as a case of 
simultaneous back-mutation of both ad, and ad,,, the frequency of 
doubles (9:1 per cent.) remains not only enormously higher than 
expected from chance coincidence of two mitotic exchanges, but also 
higher than expected at meiosis. 

Similarly there were at least two (vi and vii), and possibly three 
more (ix, x and xi), diploids in which crossing over had taken 
place between y and ad,, although these loci are extremely closely 
linked (see table 1). 

It is clear from the mitotic data that inversions cannot be responsible 
for the excess of multiple exchanges observed since the majority of 
these are not 2-strand doubles. 


4. GENERAL DISCUSSION 


Two questions are considered in this section: the bearing of the 
results obtained here on the problem of allelism, and the meaning 
of the intense negative interference discovered. 

The crosses involving pairs of alleles in what will be called the 
“ad, region” identify at least four mutational sites separable by 
crossing over and arranged in the linear order: adj,, ad,,, ad, and 
ad,). The data also indicate that ad,,, ad,, and adj) are mutants 
of different sites from ad, and ad, although their relationships to 
each other and to adj, and ad,, have not yet been worked out. The 
recombination fractions between ad alleles and between » and different 
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ad alleles are for the most part consistent with each other (see fig. 6, 
which gives all recombination fractions so far measured). 

With the exception of the cross involving ad, and ad,, there is no 
evidence from either meiotic or mitotic analysis that unequal crossing 
over is involved in the origin of adenine-independent types, and even 
in this cross the results may be due to multiple exchanges in view 
of the results of mitotic analysis. 

Infertility has so far prevented the test of all the available alleles 
in the ad, region against each other. This would have provided an 
estimate of the probable number of sites of mutation separable by 
crossing over in this region. But other evidence from A. nidulans 
alone already suggests that the frequency of independent re-occurrences 
of the “‘same ” mutation, 7.e. not distinguishable from another one 
by a test of crossing over, is small, and consequently that the number of 
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Fic. 6.—Linkage map of the ad, region giving all recombination fractions (x 10°) 
so far measured. 


sites of mutation within chromosome segments behaving as functional 
units is large. Thus, tests between over twenty alleles in five regions 
have in no case failed to yield recombinants in experiments with a 
resolving power of 10-5 (Roper, 1953; Pontecorvo, 1955; Calef, 
unpublished ; Forbes, unpublished). 

Explanations of the Lewis effect in terms of sequences of reactions 
and localised gene products therefore seem less satisfactory than at 
first supposed by Pontecorvo (1950, 1952a, 1952b). On the other hand, 
the occurrence of suppressors specific for some but not others of an 
allelic series (Giles and Partridge, 1953; Yanofsky, 1953; Green 
1954)—and ad,, is a further example—and the separation of 
“ suppressible ” and “ non-suppressible ” alleles by crossing over, has 
been considered evidence that the two types of allele are mutants of 
“ different genes with distinctive loci and functions” (Green, 1954). 
It is equally reasonable to suppose, however, that mutation at different 
sites, or different types of mutation at one site, within a single functional 
unit can result in qualitatively or quantitatively distinct modifications 
of a single normal gene product. Some types of modification, probably 
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the less extreme, might give rise to a mutant phenotype under certain 
intracellular conditions but not in others. A change of pH, for example, 
produced by a suppressor mutation might suppress a mutant which 


produced an enzyme with an altered pH optimum, but not one which.’ 


completely prevented the synthesis of the enzyme. 

Clearly distinction between alternative explanations of the Lewis 
effect must await more critical information. In particular, we need 
more information as to the probable number of sites of mutation 
within chromosome segments behaving physiologically as a unit, and 
as to qualitative differences between alleles. 

The occurrence of negative interference associated with recombina- 
tion between ad alleles raises a number of questions. How far does 
the influence of a crossover between alleles extend? Is negative 


TABLE 11 


Recombination fractions between paba and y, y and ad, and ad and bi calculated only among 
crossovers between ad alleles (from the data of tables 2, 5, 6 and 7) 











ad alleles Recombination Probability Recombination | Recombination 
involved in | fraction between | of deviation | fraction between | fraction between 
the cross paba and y from 0°15 y and ad ad and bi 
8 and 10 2/28 = 0:071 not sig. 6/28 = ova1 11/28 = 0°39 
8 and 11 28/179 = 0716 not sig. 10/365 = 0:027 | 43/179 = 0°24 
8 and 12 25/139 = 018 not sig. 6/139 = 0°043 | 32/139 = 0°23 
8 and 16 25/139 = 0-18 not sig. 6/139 = 0°043 | 31/139 = 0°22 
8 and 19 6/28 = ovar1 not sig. 1/28 = 0036 | 10/28 = 0:36 
8 and 20 28/79 = 0°35 0-001 8/79 = or10 13/79 = 0°16 
11 and 16 6/57 = 0°10 not sig. 11/57 = or19 6/57 = 0°10 


























interference associated only with crossing over between alleles or 
between any closely linked mutants? Is it a general property of 
recombination between alleles or closely linked mutants in all organisms 
or is it confined to A. nidulans or even to the ad, region. 

The recombination fraction between paba and _» among crossovers 
between ad alleles from all available crosses has been calculated in 
table 11. On the same table these values are compared with 0-15, 
the standard recombination fraction between these two loci. In five 
of these crosses this fraction among crossovers was greater than 0-15 
(significantly so only in one). There is therefore some indication 
that negative interference associated with an exchange between alleles 
extends beyond ». 

The data in table 11 also suggest that the degree of negative 
interference associated with recombination between alleles is different 
in different crosses and shows no apparent correlation with the 
position in the ad, region of the alleles involved. It has been assumed 
in the table, however, that all AD types showing no recombination 
for y and bi were double exchanges with one exchange between two 
alleles and a second between y and bi. The possibility cannot of 
course be excluded that some have originated by mutation. 
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In order to answer the question of the dependence of negative 
interference on crossing over between any two closely linked loci, all 
available data from crosses involving different ad mutants and an 
adenine-independent strain were re-examined (table 12). The re- 
combination fraction between an ad mutant and #7 (or between » 
and bi which will have approximately the same value) can be compared 
with the same fraction among crossovers between the ad mutant and ». 
The number of crossovers obtained between any one ad mutant and _» 
is too small to give statistically significant information, but the results 
as a whole strongly suggest that exchanges between » and an ad mutant 
also increase the probability of a second exchange nearby, 7.e. between 
ad and bi. 

A similar comparison of the recombination fraction between paba 
and y among crossovers and non-crossovers between y and different 
ad mutants (table 12) gives little evidence of negative interference, 
but in view of the distance between paba and _y much more extensive 
data would be needed for significant information. 

In connection with the question of how general the properties 
described here are, there are a number of important observations. 
In Aspergillus, similar effects are associated with recombination 
between alleles of paba (Roper, unpublished), and with recombination 
between closely linked mutants of the ad, region (Calef, unpublished). 
In Neurospora, the results obtained by Giles (1951) from a cross 
between two inositol alleles showing recombination were strikingly 
similar to those obtained here. The frequency of inositol independent 
cultures with parental combinations of markers was considerably 
greater than expected from the known distance between these markers, 
but platings of ascospores from crosses between strains carrying the 
same inositol allele indicated that the results could probably not be 
attributed to back-mutation. The results of Weijer (1954) from crosses 
involving allelic tryptophan (“‘éd”) mutants suggest that negative 
interference is associated with recombination between alleles here as 
well, although less reliance can be placed on these results since markers 
were available on one side of the “ td” region only. 

In Drosophila on the other hand, published data on crossing over 
between very closely linked mutants give no evidence of negative 
interference. On the contrary, the results of Green and Green (1949) 
and Lewis (1945) suggest that crossing over between alleles is associated 
with positive interference. Certain so-called mutations of ‘‘ Bar” 
(Sturtevant, 1925 ; Bonnier, Nordenskidld and Bagman, 1943) could 
have been produced by multiple crossing over within a very short 
chromosome segment, but unequal sister-strand crossing over would 
also produce the same types. It was suggested to me by Prof. C. D. 
Darlington that “ reciprocal crossing over” in the sex chromosomes 
of Drosophila (Darlington, 1934) might be an evolutionary exploitation 
and modification of a system of negative interference of the type 
encountered here. 
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Any model to account for negative interference of the type found 
here must take into account that negative interference is not observed 
when recombination between loosely linked mutants is followed 
(extensive data from many crosses in A. nidulans involving paba, y 
and 5: give no evidence of interference, either positive or negative). 
One possibility is that “ effective’ pairing (that is pairing that can 
lead to crossing over—not necessarily identical with pairing observed 
cytologically) is confined to short chromosome segments, at any one 
point the homologues usually remaining “ effectively ”’ unpaired. 
Positive interference would occur if “ effective ” pairing of one segment 
reduced the probability of “ effective” pairing of neighbouring seg- 
ments. Within “ effectively’ paired segments, however, negative 
interference would be apparent (Rothfels, 1952). 

If a model of this type is correct an important question is the 
length of “‘ effectively’ paired segments. The association of negative 
interference with recombination between ad alleles would not be of 
fundamental importance if the apparent close linkage between the 
ad, region and y were simply due to suppression of crossing over by 
pairing failure. On the other hand if the chromosome segment between 
the ad, region and » is of the same order of length as the ad, region 
itself, as the map distances suggest, then multiple crossing over within 
a chromosome segment of the same size as that occupied by one gene 
has been observed. In Aspergillus, where cytological localisation of 
mutants is not possible, these alternatives cannot be distinguished 
until the segregation of three alleles has been followed simultaneously, 
but the latter alternative raises the possibility that single crossovers 
detected either cytologically or genetically are frequently the net 
result of two or more exchanges so close together as to be detectable 
only by the use of extremely closely linked mutants, or possibly in 
tetrad analysis as an excess of non-parental ditypes. The ease with 
which multiple exchanges of this type could be detected would depend 
on the length of “‘ effective” pairing segments. Variation of this 
might account for the difference between Drosophila and Aspergillus 
with respect to the occurrence of negative interference. 

Present information does not warrant the building of a precise 
working model for the basis of negative interference and of its 
connections with crossing over and chromosome re-duplication. The 
data so far give only a clear indication that analysis of crossing over 
within very short chromosome segments may reveal novel modalities. 


5. SUMMARY 


1. The first four out of a group of nine physiologically allelic 
adenine-requiring mutants of Aspergillus nidulans were found to be 
mutants at different, but very closely linked, loci separable by crossing 
over. Three others were found to be mutants at loci different from 
two of the first four, but their location with respect to the other two 
and to each other has not been determined. 
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2. The results provide evidence additional to that already available 
in four other chromosome regions of the species and from other 
organisms, that physiologically allelic mutants are not usually the 
result of re-occurrence of mutation at the same locus. Within a 
chromosome segment behaving functionally as a unit there are several, 
probably very many, sites capable of independent mutation and like- 
wise several sites of crossing over. 

3. Two suppressors specific for one but not others of these alleles 
have been found. 

4. Meiotic analysis suggested that a crossover between alleles, 
and perhaps between any very closely linked mutants, is associated 
with negative interference. Analysis of half-tetrads following mitotic 
crossing over has provided further evidence to support this. 

5. There is evidence that negative interference of this type occurs 
in other organisms. ‘This raises the possibility that single crossovers 
detected cytologically or genetically may be the net result of clusters 
of exchanges so close together as to be detectable only under special 
conditions. 
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In general it can be said that genes are not arranged on the chromo- 
some in any particular order in the sense that neighbouring genes 
influence the same character, but in recent years there have been 
reported several instances of so-called “complex genes”, whose 
individual parts act upon the same character and which are also 
able to take part in crossing over. 

I would like to discuss in what follows some examples of complex 
genes, for the results of investigations carried out during the last ten 
years on the inheritance of the genes responsible for fermentative 
ability in the yeast Saccharomyces have convinced me that a type of 
crossing over exists which is quite distinct from the ordinary chromatid 
crossing over, in that portions of genes, or, if one prefers, portions of 
gene molecules, are involved in the process. 


1. THE M&-GENE IN SACCHAROMYCES 


In Saccharomyces the usual type of crossing over between the 
chromatids seems to prevail. This was shown by Lindegren (1949), 
who measured the distances between a number of genes and their 
respective centromeres and found them to vary from 6 to 50 units. 

It is therefore remarkable that at the Carlsberg Laboratorium 
two instances of very close linkage between two pairs of fermentation 
genes have been observed ; these involve linkage between one of the 
genes for maltose fermentation, /,, and one of the genes for raffinose 
fermentation R,, as well as linkage between another maltose-fermenting 
gene, M,, and the raffinose-fermenting gene, R,. These results have 
been published elsewhere (Winge and Roberts, 1952, 1953), and I 
shall only mention here that in our Hybrid 177 (M,r,/m,R,), in which 
the dominant genes were in the repulsion phase, only 1 crossover 
tetrad out of a total of 64 was found, giving a crossover value of 
0-8 per cent. 

The non-crossover asci from this hybrid segregated out two single 
spore cultures which fermented maltose but not raffinose (M,r,) and 
two which fermented raffinose but not maltose (m,R,). By employing 
the diploidised crossover types M,M,R,R, and mm, 1,7, Hybrid 189 
was produced, in which the dominant genes were in the coupling phase 
(M,R,/m,r,). Out of a total of 11 tetrads derived from this hybrid, 
1 was found to be a crossover tetrad, giving 4:5 per cent. c/o. In 
all, the crossover value for M,—m, and R,—7, was found to be 
1*3 per cent. With regard to the genes M, and Rs, which existed 
in the repulsion phase in our Hybrid 202, no recombination in the 
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gametes was found among 11 tetrads analysed. Since this hybrid 
was heterozygous with respect to M,, M3, R, and Rg, it was not 
suitable material for determining the actual degree of linkage between 
M, and R3. 

It should be apparent that although linkage in Saccharomyces has 
been known before, the extremely close linkage observed here between 
two different pairs of M- and R-genes makes these cases distinct, 
and, at the same time, invalidates the view that their occurrence is 
a matter of chance. One is led to the conclusion that linkage, in the 
usual sense, is not involved here at all, but, rather, that two complex 
gene molecules exist: these may be designated M,R, and M,R,. 
M,R, has four allelomorphs which, according to the usual system 
of allelomorph designation may be called M,", M,", m,*, and m," 
and which cause, respectively, the fermentation of (1) maltose and 
raffinose, (2) maltose, (3) raffinose, and (4) neither sugar. These 
allelomorphs may arise partly through mutual exchange of portions 
of genes, a phenomenon which is hereby termed interallelic crossing 
over. For example, M,” and m,“', through mutual exchange of parts, 
may become transformed into M,*' and m,”. 

The Ad-genes are responsible for the synthesis of maltase whick 
hydrolyses maltose into two glucose molecules, which are then 
fermented through the action of the zymase complex. The R-genes, 
on the other hand, are responsible for the synthesis of B-h-fructosidase, 
which hydrolyses both raffinose and sucrose. The fructose portion 
of the molecule, which is split off from the raffinose, is fermented 
by zymase, and the melibiose portion remains untouched. Sucrose 
is hydrolysed by f-h-fructosidase into fructose and glucose, both of 
which are fermented by zymase, which, as is well-known, is found 
in all species of Saccharomyces and is responsible for the fermentation 
of the monosaccharides glucose, fructose, and mannose. 

Fig. 1 represents schematically a hypothetical explanation of the 
crossing over mechanism which is assumed to occur and which is 
able to explain the extremely close linkage observed between maltose 
and raffinose fermentative ability. 

The fermentation genes are assumed to consist of complex molecules 
in which the chemical constitution of a loosely bound side chain 
determines whether maltose +-raffinose, raffinose alone, maltose alone, 
or none of the two sugars in question can be hydrolysed through the 
synthesis of the specific enzymes. ‘The gene complex may thus 
be designated as M,R,, M,r,, m,R,, and m,r,—or, as previously 
mentioned, as M,*:, M,", m,“', and m,". At the four-strand stage 
of meiosis it would be possible for loosely bound portions of the 
molecules to be exchanged without chromatid breakage, and this 
type of crossing over, in which the chromatid axis remains intact, 
I shall designate as non-axial interallelic crossing over. Such exchanges 
can hardly be said to be inconsistent with the principles of chemistry. 
Chemical processes consist in molecular exchanges with possible 
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redistribution of atoms or groups of atoms. The phenomenon under 
discussion may be assumed tooccur sporadically, or at least infrequently, 
since it only involves the exchange of portions of molecules of two 
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Fic. 1.—Hypothetical representation of non-axial interallelic crossing over in Saccharo- 
myces. The chromatids are illustrated before (above) and after (below) crossing 
over has taken place. With regard to the complex maltase-raffinase gene, an exchange 
occurs between Chromatid Ib and Ila without the chromatid axis being involved, 
This crossing over results in two new genes, m,% and 47,%:, which arise from the 
genes m,*' and 4,7. The molecular groups (represented as circles) are bound 
together by thick or thin lines, indicating the strength of the bond. 


genes, i.e. mutual reaction between small amounts of material. The 
fact that the gene molecules are in immediate contact with one 
another in the diplotene stage of meiosis and especially at the chiasmata 
would make it possible for the exchange of side chains to take place 
without much difficulty. 

Thus, since two instances are known in Saccharomyces of close (but 
not complete) linkage between the ability to ferment raffinose and sucrose and 
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the ability to ferment maltose, and since their presence cannot be due to a matter 
of chance, it must be assumed that we are here dealing with complex genes. 
The consequence of this assumption is not without interest, for it means that 
the specific enzymes synthesised by the genes in question must be chemically 
related—i.e. the difference between maltase and B-h-fructosidase amounts to 
only a portion of the whole molecule. 

In the genus Saccharomyces we are fortunate in being able to study 
all 4 spores of a single tetrad, since they may be isolated and cultivated 
individually. The subsequent single spore cultures may be analysed 
with respect to those characters under investigation, so that it is 
possible to establish with certainty whether a process resembling 
normal crossing over actually has taken place. 

The hypothesis of non-axial interallelic crossing over set forth 
here may be verified or invalidated by employing suitable material. 
It is obvious that the presence of marker genes which are situated on 
the chromatid close to a gene X which is suspected of taking part in 
interallelic crossing over would be sufficient for verification or invalida- 
tion, for if a normal crossing over occurs, the marker genes would be 
inherited together with X, whereas the occurrence of non-axial inter- 
allelic crossing over would lead to a completely different end result. 

In Saccharomyces there are unfortunately no genes at our disposal 
which could serve as markers for M,R, or for M3Rs, and it is 
therefore impossible at present to determine whether or not crossing 
over in this organism is accompanied by chromatid breakage. It 
should be emphasised, however, that the occurrence of non-axial 
interallelic crossing over is here a theoretical possibility. 

Before citing other possible instances of interallelic crossing over, 
it would be well to discuss its effect upon the customary measurements 
of the distances between the genes on a chromatid. 


2. THE EFFECT OF INTERALLELIC CROSSING OVER UPON 
LINKAGE MEASUREMENT 


If one imagines linkage existing between A and B in a hybrid 
AaBb and assumes that the B gene takes part in an interallelic crossing 
over in n per cent. of the cases so that 6 is actually transformed into 
B and B into b 
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then the actual distance c, expressed in centimorgans by the usual 
linkage measurement, will appear to be 
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If the actual distance between A and B is, for example, 20 centi- 
morgans, one will find with the occurrence of 5 per cent. interallelic 
crossing over 
5(80—20) 

100 


20+ 


= 23 centimorgans 


Obviously, the more infrequent interallelic crossing over, the smaller 
will be its effect upon the experimental result. The greater the 
distance between the two genes, the less effect the process will have 
upon the experimental measurement. The 5 per cent. interallelic 
crossing over used here as an example is undoubtedly too high, so 
that it can be safely assumed that the measurement of the frequency 
of crossing over will normally not be greatly influenced by the process. 

As a rule, however, interallelic crossing over will not give rise toa con- 
version of genes (in the sense of Winkler (1930) or of Lindegren 1949) 
in which B becomes 6 and 6 becomes B. Characteristic of interallelic 
crossing over will be that two new allelomorphs are formed. In the 
example mentioned previously in Saccharomyces, two new alleles arose, 
M,* and m,". By tetrad analysis it is possible, as already mentioned, 
to establish whether or not these actually do occur, but in organisms 
where tetrad analysis is precluded, it is doubtful whether more than 
one of the crossovers would be discovered. In order that the inter- 
allelic crossover gametes shall be recognised, they must both be 
functional ; this is improbable, and practically impossible, during 
crossing over at meiosis in female organs. 

Thus, it can be said in general that linkage measurements will be 


affected only tu a small degree by the occurrence of interallelic 
crossing over. 


3. THE A> GENE IN MAIZE 


Laughnan (1949, 1952) has discussed the A-series of allelomorphs 
in maize of Emerson and Anderson (1932) and stressed the remarkable 
relation found between mutation and crossing over, which led him 
to the conclusion that the A’-gene, one of a series of allelomorphs, 
is of acompound nature. The wild type gene in the third chromosome 
is designated A and is responsible for red pigmentation in the pericarp. 
On the other hand, A’, which is dominant over A, produces a brown 
pericarp. ‘The recessive allelomorph, a, also gives rise to a brown 
pericarp when it is present in a homozygous condition. 

A’ may mutate to the A*-allele, which is responsible for a pale 
colour of the seeds, but a has not been found to mutate to A?. When 
the gene Dt, which is located in the ninth chromosome, is present 
(Rhoades, 1941), the recessive a-gene may, however, at a late stage 
in the life cycle, mutate to allelomorphs of a higher order. Since the 
mutation A’——»A? appears to occur simultaneously with a crossover, 
studies were made on segregation in a heterozygous hybrid, A’a, 
which had the recessive marker genes et (etched endosperm) and 
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lg (liguleless) 13 centimorgans to the right and 33 centimorgans to 
the left, respectively, of the a-locus. The investigation was carried 
out by means of the following crossing : 


Ig 33 x ws lg a et 
| | | 
i | | | 








| | |, 
lg a et lg a et 


e 








Approximately half of the seeds produced by this crossing had deep 
purple aleurones (A’ A’a) * and half were colourless. Among many 
thousand purple-coloured seeds there occurred a few pale seeds, 
which the author suspects were A’ mutants. After having established 
with certainty that they were not due to accidental inclusion of other 
types, the author found, finally, 7 seeds with genotypically pale 
pericarps which could be considered as mutants. 

Now if the A’-gene in these seeds had simply mutated to A’, the 
majority of these A%-individuals should carry the marker gene Ff, 
but, actually, 6 of the 7 had et. Laughnan states (1949, p. 173): 
** Unless the change of A’ to A? is in some way related to crossing over 
it would be expected that the frequency of crossing over in the a-et 
interval would be the same in sporocytes which carry A? as in those 
which transmit A’, On this basis, of the original mutant plants 
approximately 13 per cent. A%et/a et (crossover) and 87 per cent. 
A‘Et/a et (non-crossover) individuals are expected. The actual results 
were almost exactly the reverse of this ; six of the seven individuals 
were crossover types for the a-et region.” 

But if the ‘‘ mutation ” A’——-A¢ had occurred through the process 
of interallelic crossing over (see fig. 2) so that a group of atoms was 
exchanged between A’ and a, transforming a into A’, it is clear that 
A’ should be in the coupling phase with e¢ and not with Et. 
Theoretically, the end result should therefore be 87 per cent. A? et 
and 13 per cent. A? Et, which is the result observed. 

Through exchanges of portions of molecules between A’ and a 
two new alleles will arise—A*% and A*, the latter having received a 
group of molecules from the a-gene and having donated, at the same 
time, a group of molecules to a. But in the case in question, it is not 
certain that A*-seeds could be distinguished from A’-seeds and as 
tetrad analyses are out of the question, there is actually nothing 
remarkable in the fact that a new allelomorph was not discovered. 
Laughnan himself is of the same opinion and mentions (1952, p. 388) 
that other possible crossover types may have escaped detection. 

In Laughnan’s more comprehensive study in 1948 there were 
obtained from a similar crossing 34 pale seeds which had arisen by 
mutation to A’, Of these, 30 possessed et and 4, Et. Also here inter- 
allelic crossing over can explain the fact that A?’ enters the coupling 


* Laughnan writes ‘“‘ A®aa ’’, but this must be a typographical error. 
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phase with et, so that by normal chromatid crossing over 4 A? Et 
genotypes arise. Better agreement with the theoretically expected 
could not be desired. 

Laughnan enlarged the scope of his investigations in 1952 by 
including the gene sh, (shrunken endosperm) in his crossings. This 
gene was localised at a distal position 0-25 units to the right of a, 
with which it was in the coupling phase. Unfortunately, the author’s 
crossing experiments are described in such a way as to make them 
difficultly accessible. The majority of dominant genes are lacking 
in the genetic formulas, and it is not evident, for example, when the 
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Fic. 2.—Hypothetical representation of axial interallelic crossing over in Zea. The two 
inner chromatids exchange axial molecular groups, the chromatid axis thus taking 
part in the process. Crossing over between the complex genes A® and a results in the 
formation of A* and A’. The linkage relations between the complex genes and the 
marker genes Lg and Ei are represented below. 


author mentions twice (1952, page 375) “‘ the recombinant allele of 
et”? that he means e¢ itself and not Zt. An apparent error on the same 
page (“‘ A’ derivatives’ in place of ‘‘ A? derivatives”) merely adds 
to the confusion. 

It appears, however, from these interesting investigations that in 
67 out of 71 cases of the mutation A’—>A%, in which the A*-mutants 
appeared in A’/a plants, crossing over occurred between a and sh, 
in connection with the mutation—in spite of the fact that A’ and Sh, 
were closely linked. Again, interallelic crossing over can explain the 
fact that most of the A’-progeny had the genotype Ash. 

With respect to the combination of A? and the other marker gene, 
lg, Laughnan’s segregation data clearly show that linkage is also 
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present between A’, which arose as a mutation from A’, and Lg. In 
this case, Laughnan’s explanation is quite adequate: the A’ gene is 
a compound gene, consisting of «(= A’), which lies to the left in a 
proximal position and f, which lies to the right in a distal position. 
During crossing over, « and f are separated, so that «(= A*), together 
with that portion of the chromatid lying to the left, takes part in the 
crossing over process. It is, however, difficult to explain the occurrence 
of synapsis between the a-gene and « and f, respectively. 

Here, a form of interallelic crossing over must be involved which 
is different from that assumed to exist in Saccharomyces since here the 
chromatids break somewhere in the middle of the gene molecule, as 
is seen in fig. 2. This type of interallelic crossing over may be designated 
as axial, since not only side chains alone are exchanged (which would 
result in non-axial crossing over) but also axial portions of the gene 
molecule itself. 

The fact that tetrad analyses are precluded, and that Laughnan’s 
assumed separation of « and f can occur in 1 out of 1400 gametes 
and, under certain conditions, still more rarely, does not make it 
easy to construct the details in. the crossing over process. 


4. THE T-GENE IN MOUSE 


Dunn’s researches (1953 and earlier) on the many tailless allelo- 
morphs of the 7-locus in mouse may possibly be reconsidered in the 
light of the interallelic crossing over hypothesis, although the results 
are difficult to interpret, not only because of the absence of marker 
genes, but also because of the poor phenotypic expression of the 
alleles in question. Also, tail abnormalities may even occur in 
“normal” animals. Dunn distinguishes between “ para-loci” 
(Laughnan’s “ para-alleles”’) and “‘ complex-loci”’. Crossing over 
may occur with regard to the former, but not the latter. However, 
in this connection, Dunn emphasises that what one to-day calls 
“complex loci”’, perhaps later will turn out to be “ para-loci ”— 
namely, if crossing over can be demonstrated. 

There is in Dunn’s material a gene, Fu (fused), which is strongly 
linked to the 7-gene and which has an allelomorph, Fu*' (Kink) 
which could theoretically be employed as a marker gene, since it 
appears to lie at a distance of 4 centimorgans from 7 (Dunn and 
Gluecksohn-Waelsch, 1953). However, the fact that TJ and Fu 
‘combine apparent similarity in phenotypic effects with juxtaposition 
of the affected loci ”’ so that even certain ¢-mutants are indistinguishable 
from Fu-types leads one to speculate whether the Fu-Ki complex 
cannot actually be regarded as a complex gene molecule, in which 
interallelic crossing over takes place. 

The many allelomorphs of TJ which have been found both in 
nature and in the laboratory may well have arisen by interallelic 
crossing over. In the first place, it has been found that in the balanced 
lethal line Tt, (in which TT and ¢,t, are lethal) many new alleles 
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have arisen ; this is exactly similar to the previously mentioned case 
in maize, in which the A*%-gene arises from the A’a-type. Secondly, 
there are several ¢-alleles which are lethal in the homozygous condition 
but which form viable compounds with each other. Here, defects 
caused by one allele may be compensated for by another allele. 


5. THE BI-GENE IN ASPERGILLUS 


The situation in Aspergillus nidulans (Roper, 1950; Pontecorvo, 
1953) is most interesting. In this organism 3 biotinless mutant 
genes occur which appear to be allelomorphs. The haploids are 
called b7,, bt,, and bi3, in spite of the fact that they do not always 
behave as true recessives. The diplophase in Aspergillus can unfortun- 
ately not be investigated directly, as it is limited to the ascus alone. 

The 3 BJ-alleles are all situated 4-5 centimorgans from the gene 
pair Y-y (green-yellow), but a recombination was found in an ascus 
BI; bi,/bi, BI, (or BI, bis/bi, BI;), in that haploid biotin-synthesising 
types, BI, BI, (or BI, BIs), were segregated out, although rarely ; 
these investigations appear to show that the B/-alleles may be arranged 
in a definite order with respect to the Y-locus—namely, Y—BI/,— 
BI,—BI,. However, the method employed for detemining the cross- 
over values does not appear to be completely reliable. The constant 
use of selective substrates with the estimation of the frequency of 
occurrence of Aspergillus colonies obtained upon these substrates 
obviously can not be entirely correct. Unfortunately, tetrad analyses 
cannot be performed since the recombinations are so infrequent, and, 
in general, there appears to be no attempt to analyse tetrads (octads) 
in this organism. 

By using a selective method Roper has produced diploid conidia 
and tetraploid asci, which, however, often degenerate, and the spores 
from tetraploid asci often show low viability. It is characteristic that 
a heterozygote, for example, 47, BI,/BI, bi,, is biotinless, in the 
same way as the heterokaryon, b:, B/,+ BI, bi, is biotinless. In 
order that biotin synthesis can take place, a cell nucleus containing 
all the biotin genes (B/,, BJ,, BI,) must be present ; this situation is 
similar but not identical to the activity of complementary genes. 

Roper states (Pontecorvo, 1953, p. 214) : 


** Any hypothesis to explain the results obtained for the bi-locus must account 
for two facts: (1) The extremely close linkage of three loci, mutant alleles which 
determine similar or probably identical phenotypes ; such close linkage for three 
loci is hardly likely to be a matter of chance ; and (2) the fact that the phenotype 
of the diploid, bi, BI,/BI, bi,, and the heterokaryon, bi, BJ,+BI, bi,, are mutant 
and not wild type as expected from the fact that each mutant Ji allele tested separately 
is recessive.” 


“ec 


Roper considers it most probable “that the gene as a working 
unit in physiological action is based on a chromosome segment larger 
than either the unit of mutation or recombination.” This viewpoint 
which Muller (1947) has also touched upon is undoubtedly the correct 
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one, embracing, as it probably does, what I have called interallelic 
crossing over, which may be subdivided into an axial and a non- 
axial type. It is obviously possible for a complex gene molecule to 
be composed of relatively independent molecular groups arranged in 
a definite order along the axis, and the investigations on Aspergillus 
appear to offer rather good evidence for the existence of this ordered 
arrangement. B/,+Bl/,+B/, is a complex gene molecule, and if 
any one of the three gene components is lacking the type is biotinless, 


6. DISCUSSION 


It has not been possible for me to find in the literature descriptions 
of any investigations which provide evidence for the verification of 
the hypothesis proposed herein. For this purpose, the existence of 
marker genes which are closely linked to the mutated complex gene 
is essential. Neither is it known to me whether tetrad analyses have 
been undertaken in which the relation between compiex allelomorphic 
genes and closely situated neighbouring genes has been investigated. 

On the other hand, a number of investigations on the so-called 
complex genes in general have already been made, and various 
hypotheses have been proposed as to their structure. In this con- 
nection I am reminded of Thompson’s side-chain theory of gene 
structure (1931), in which he assumed that the gene consisted of a 
** protosome ”’, to which “‘ episomes ” were bound. Thompson even 
supposed (p. 273) ‘‘ that crossing over, with its implied intimate 
contact at the point of breaking, is an effective agency for dislodging 
episomes or for transforming them to the homologous gene.” These 
views were based upon the bar series of allelomorphs in Drosophila. 

Complex genes are mentioned in several other works. Hutchinson 
(1934) takes Thompson’s views as the basis of the explanation of the 
inheritance of leaf shape in Gossypium and the inheritance of several 
characters in other organisms. Lewis (1945) explains the Star- 
Asteroid case in Drosophila as repeats within the same locus, and 
there can scarcely be any doubt that by duplications as the result 
of unequal crossing over, gene complexes may arise in a way which 
is not at all similar to interallelic crossing over. The cytological 
investigations of salivary gland chromosomes of the various bar-forms 
in Drosophila seem to furnish sufficient proof of this. 

Stadler’s interesting discussion (1954) is concerned also with 
“repeats”, in which “clustered elements” of the same genetic 
structure can be formed as a complex element of inheritance. By 
crossing over or translocation position effects may occur. He states, 
“With regard to the relationships between the gene elements of the 
complex, the concepts of allelism and locus have little meaning. All 
members of the complex are homologous with one another : presum- 
ably all have arisen through a long series of mutations from some 
ancestral gene. In a sense, all may be considered allelic to one 
another.” 
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Demerec (1955), in his studies on pseudo-allelism, states (p. 16) : 
“that the regions within the locus where these modifications occur 
can be recombined by crossing over, showing that they are arranged 
linearly along the chromosomes ”’, and as early as 1933 (see Demerec, 
1955), he stated that ‘“‘ changes producing different allelomorphs are 
independent of each other and . . . they might arise by changes in 
different groups of a gene molecule”. As it appears from the present 
discussion, the concept of interallelic crossing over does not necessarily 
involve a linear arrangement, although, as mentioned, the presence 
of the Bl-series in Aspergillus indicates that even with interallelic 
crossing over, molecular exchanges may take place, which, on the 
basis of genetic analyses, point toward the existence of such. 

There is a need for investigations on a series of different organisms in 
which complex genes occur, and in which it ts possible, through the help of gene 
markers, to determine whether or not the chromatid axis always takes part 
in the process of crossing over. 


7. SUMMARY 


1. Two different instances of extremely close linkage between 
the raffinose and the maltose fermenting genes observed in the genus 
Saccharomyces may be regarded as due to the presence of complex 
allelic genes. 

2. Between these complex genes it is assumed that a process of 
interallelic crossing over takes place, in which molecular groups are 
exchanged and which usually results in the formation of two new 
allelomorphs. Thus from the heterozygote M,"/m,“', two new types, 
M,* and m,”, may arise through interallelic crossing over. This 
hypothesis includes the assumption that the enzymes produced through 
the activity of the genes in question, maltase and f-h-fructosidase, 
must be chemically related and that the difference between them can 
only involve a portion of the whole molecule. 

3. The proposed hypothesis involves two types of interallelic 
crossing over: (1) axial, in which the chromatid axis takes part in 
the process, and (2) non-axial, in which only a side chain belonging 
to the complex gene molecule is exchanged with another. 

4. Several instances in which mutation has been found to occur 
in complex genes are discussed. 
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1, INTRODUCTION 


In the well-known effect of temperature on crossing-over in Drosophila, 
recombination between loci close to the centromere has a minimum 
value at 22° C. (Plough, 1917, 1921 ; Stern, 1926 ; Graubard, 1934). 
Plough’s (1917) graph of his results showed two maxima at 13° and 
31°, but this was a mistake, as has been pointed out by Smith (1936). 
In genetical work with other organisms some results similarly show a 
temperature at which cross-over frequencies are minimal (e.g. the 
fungus Ustilago hordet (Hiittig, 1931)), while in other experiments no 
minimum value was observed over the temperature range studied 
(e.g. another fungus, Podospora anserina (Rizet and Engelmann, 1949), 
and the silkworm, Bombyx mort (Kogure, quoted by Tanaka, 1953)). 
No effect of temperature on crossing-over was found by Clark (1943) 
in Habrobracon. 

It is however by no means certain how much of the effect in 
Drosophila is due to crossing-over at meiosis, and how much to crossing- 
over in preceding oogonial mitoses. Whittinghill (1950) has shown 
how somatic crossing-over affects subsequent meiotic recombination, 
especially when the (somatic) cross-over chromatids pass to different 
cells at the following anaphase. The result of this will be increased 
recombination in regions proximal to the point of somatic crossing-over. 
Stern and Rentschler (1936) found that the proportion of mosaics, 
the result of somatic crossing-over, was lower at 30° than at 25°. 
Whittinghill (1937) showed that high temperature (33°5°-35°5°) 
produced somatic crossing-over in male Drosophila; the cross-overs 
were concentrated in, but not confined to, the region near the centro- 
mere. Muller (1925) found that X-rays increased the amount of 
recombination between loci close to the centromere ; and Whittinghill 
(1938) was able to show that X-rays increased the amount of oogonial 
crossing-over. 

In view of the uncertainty with which we must now regard the 
nature of the phenomenon in Drosophila because of our increased 
knowledge of somatic crossing-over, it is important to study the 
cytological problem of variation in chiasma frequency with temperature, 
which is distinct from that of variation in genetic recombination. In 
this connexion the distinction must be made between temperature 
shocks, that is abnormally high temperatures applied for a short time 
(e.g. Barber, 1941, 1942), and experiments in which the whole of 
meiosis takes place at one constant temperature. It is to the latter 
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that we look for results analogous to those of the effect of temperature 
on crossing-over in Drosophila. 

The only investigations of this problem are those of White (1934) 
on three species of Orthoptera: Chorthippus (Stenobothrus) parallelus, 
Locusta migratoria, and Schistocerca gregaria. The insects were placed 
in the temperature chambers 24-72 hours after their last ecdysis, and 
they remained there three or four days. In all three organisms, at 
the lowest temperature chiasma frequency was less than at the next 
higher temperature ; thus White’s graphs resemble Plough’s (1917). 
The number of cells scored for each temperature was very small, 
and we are not told how many animals were used. If more than one 
was studied, the results for different individuals are not given. In 
the light of the data to be presented below, White’s results appear 
to be of little value because of this lack of information on variation 
between replicate animals. 

I have carried out experiments on the effect of temperature on 
chiasma frequency in three species of organisms, an animal and two 
plants: Locusta migratoria (Orthoptera), and Endymion non-scriptus 
(Scilla non-scripta) and a diploid variety of Hyacinthus orientalis (Liliaceae). 
In all experiments the chambers of the Low Temperature Research 
Station, Cambridge, were used. 


2. LOCUSTA MIGRATORIA 


Experimental details.—It is not known if there is any effect of age on chiasma 
frequency in Orthoptera, but in an experiment such as this, account must be taken 
of any possible effect by using animals of the same age. This was ensured, as nearly 
as possible, by placing the insects at controlled temperatures within 24 hours of 
their last ecdysis. The animals were kept in the dark in large Erlenmeyer flasks, 
one to each flask. The flasks were lightly stoppered with cotton wool, and the 
insects provided with grass. 

The duration of controlled temperature is a most important consideration. It 
is essential that all the processes immediately relevant to chiasma formation proceed 
at the temperature concerned, so the minimum duration of controlled temperature 
should be from the beginning of leptotene to diplotene. Unfortunately the duration 
of meiosis is not known in Orthoptera, so that the times for which the insects were 
kept at controlled temperatures were arbitrary. They were: 37°—3 days; 25°, 
15°—4 days; 5°, 1°—5 days. By keeping the insects at controlled temperatures 
for these different periods it was hoped to compensate in some measure for the 
different rates of cell processes at different temperatures. However, we know nothing 
of the temperature coefficients of meiosis, so that the experiment was a very rough 
one. Nevertheless, it was more or less a repetition of White’s. 

In order to estimate the variation between individuals, four insects were kept 
at each temperature. Only males were used. They were killed, and the testes 
fixed in 1 : 3 acetic alcohol, within a few minutes of being removed from the constant 
temperature chambers. Feulgen squashes were made. The chiasma frequency 
was scored in late diplotene. 


Results —Table 1 gives the mean total chiasma frequency per cell 
for each animal. This is the chiasma frequency for the autosomes 
only. Supernumerary chromosomes of the type which vary in number 
from cell to cell of the one animal (White, 1952 ; Rees and Jamieson, 
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1954), were present in all but three animals, and their number and 
the number of chiasmata they formed were recorded for each cell 
scored. ‘The number of superisumeraries per cell bore no simple 
relation to the chiasma frequency of the autosomes within most 
animals, and the number of supernumeraries bore no relation whatever 
to the mean chiasma frequency of the autosomes when all animals 
were considered. It was therefore presumed legitimate to ignore the 
supernumeraries for the present purposes. 


TABLE 1 


Locusta migratoria. Chiasma frequencies of different male animals 
kept at diverse temperatures 











Temperature means 
Temper- Animal No. of Mean total Xta per 
ature no. cells cell (autosomes) 
weighted | unweighted 
1° 1/4 70 14°00 -+0°106 | 
1/2 62 14°95+0°179 > 14°92 15*04 
1/1 50 16+16-+-0°188 | 
5° 5/3 82 13°51 +0°104 | 
5/1 63 14°79 +0°145 14°25 14°47 
5/4 30 15"10-4.0°188 | 
15° 15/3 83 13°75O°121 
15/2 80 14°38-+0°188 14°58 14°44 
15/1 143 I5*1IQ+0°115 
25° asi 86 LL oth | 
25/3 71 13°94-0°153 | ‘ , 
25/1 183 14°40-+0°109 14°44 14°28 
25/2 179 15°00-+-0"102 
37° 37/4 go 13°81 +0°107 | 
37/1 84 14°49+0°131 i 14°86 14°79 
37/2 103 16°08+0°159 


























A sufficient number of cells was not scored in four animals. The 
results are therefore given for 16 out of the 20 in the experiment. 
For each temperature we have given in table 1 the weighted mean 
(the total number of chiasmata divided by the total number of cells) 
and the unweighted mean chiasma frequency (the sum of the means 
for each animal divided by the number of animals). The figures do 
not suggest any marked temperature effect, although the unweighted 
means show a decrease from 1° up to 25°, followed by an increase 
between 25° and 37°, which is the sort of result we might expect from 
what is known of Drosophila. An analysis of variance is given in 
table 2. It will be seen that the variation between individuals is 
highly significant; that is, at any one temperature they differ 
significantly in their mean chiasma frequency. ‘The temperature 
effect is highly significant compared with the variation within 
individuals, but it is not significantly different from that between 
individuals (F = 3-60, P 0:2-0-1). 
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The present result is quite different from that obtained by White. 
It should be noted that the results are markedly affected by two 
individuals, 1/1 and 37/2, which have much higher chiasma frequencies 
than the other insects, and which alone are responsible for the marked 
rises in the mean values at the extreme temperatures. This being 
the case, it is clear that the observed temperature effect is too dependent 
on the individuals sampled. The proper test of the effect is not that 
it is greater than the variation within an individual, but that it is not 
greater than the variation between individuals. 

Thus the experiment has failed to demonstrate an effect of temper- 
ature on chiasma frequency. It must be emphasised again, however, 
that it is not conclusive in view of the lack of knowledge of the duration 
of meiosis, and so the time for which the insects were kept at controlled 
temperatures was arbitrary. 


TABLE 2 


Locusta migratoria. Analysis of variance of chiasma frequencies at 
different temperatures in different male animals 














Sum of | Degrees of : 
squares | freedom Variance | F e 
Between temperatures. ‘ F 71°83 4 17°96 | 11°2|<0-001 
Between animals within temperatures III? II 64°65 | 40°1 |<0-001 
Error . : : " ‘ - | 2330°78 1443 1°61 
Total . ; : ; . | 312378 1458 























3. ENDYMION NON-SCRIPTUS 


The serious objection to the use of animal material in investigating 
the effect of temperature on chiasma frequency is that we cannot 
observe directly the duration of meiosis, and hence it is not easy to 
ascertain how long the animals should be kept at controlled temper- 
ature to be certain that the cells we observe will really have developed 
at that temperature. With plant material we can easily see whether 
the anthers, if we are investigating meiosis in pollen mother cells, 
contain cells in premeiotic stages in a representative sample of our 
experimental plants before they are placed at controlled temperatures. 


Experimental details —All the plants used in these investigations came from 
Madingley Wood, near Cambridge. They were dug up on 18th October 1952 
and placed in the constant temperature chambers on goth October. While in the 
temperature chambers the bulbs were kept in pots of soil, the pots being watered 
occasionally. Several plants examined when collected were found to have the 
pollen mother cells differentiated but not yet rounded off, and in no case did they 
contain anything but resting nuclei. It is thus certain that the whole of meiosis 
took place at the controlled temperatures, and that the effect of constant temperature 
and not temperature shocks was studied. The dates of fixation were :—1°—19th 
February 1953; 5°—13th January; 10°—goth November 1952; 15°—28th 
November ; 20°—18th November. Inflorescences were fixed in 4 : 3 : 1 chloroform 
alcohol acetic acid for twenty-four hours, and then transferred to 60 per cent. 
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alcohol. After allowing time for the material to soften (about two weeks), aceto- 
carmine squashes were made of the anthers. Chiasma frequencies were scored at 
Metaphase I in temporary preparations. 

All the plants at 10° were fixed at too early a stage to score chiasma frequencies. 
At 20° only one plant contained cells at Metaphase I. 


Results at 1°-15°.—The data are given in table 3. It appears that 
chiasma frequency is minimal at 5°, and increases at higher and 
lower temperatures. To test the significance of this result an analysis 


TABLE 3 


Endymion non-scriptus. Chiasma frequencies of pollen mother cells in 
plants grown at various temperatures 


























Temperature means 
Temper- Plant No. of Mean total Xta 
ature no. cells per cell 
weighted | unweighted 
me 
7 52/1/2 40 17°68 -+0°331 
52/1/1 40 18-48 +0235 } | 38-27 18-24 
52/1/35 20 18°55 -+0°540 
5° 52/5/2 40 16-38-+0-267 | 
52/5/3 40 16-93 +0°283 } | 16°93 16-94 
52/5/1 40 17°50 +0°349 | 
15° 52/15/6 40 16-30+0°218 
52/15/5 40 17°30-++0°258 
52/15/1 40 17°65+0°375 
52/15/4 40 18+18 +0°336 18-24 18-37 
52/15/7 40 19°30 +0296 
52/15/3 20 19°50-+0°380 
52/15/2 40 20°35 +0-387 | 








of variance has been done ; the temperatures are compared in pairs 
(table 4). In each case the between plant variance is much greater 
than that within plants, so plants differ significantly in their chiasma 
frequencies. The difference between 1° and 5° is just significantly 
greater at the 5 per cent. level than the variation between plants. 
However the temperature variance for the difference between 5° and 
15° is not significant compared with the plant difference. If more 
plants could have been scored at 1° and 5° it is doubtful whether the 
difference between these would have been significant. It will be 


‘ noticed that the range in mean chiasma frequency of the seven plants 


at 15° covers all six plants at 1° and 5°. 

Results at 20°.—The mean total chiasma frequency per cell of the 
plant at 20° is only 2:17-+-0-193. Many cells have only univalents. 
There are eight pairs of chromosomes, and the numbers of cells 
containing o to 8 bivalents are given in table 5. The expected 
numbers of cells with different numbers of bivalents are given by the 
terms of the binomial expansion [p+ (1—/) ]*, where p is the probability 
of any one pair of chromosomes forming a bivalent. This assumes 
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that p is the same for all chromosomes, which is unlikely in view 
of their range in length. The maximum likelihood estimate of p is 
0-230, and it will be seen that the calculated values fit the observed 


TABLE 4 


Endymion non-scriptus. Analysis of variance of chiasma frequencies 
at different temperatures 

















Sum of Degrees of Wesleaus F Pp 
squares | freedom 
Between 1° and 5° 
Between temperatures . 83°42 I 83°42 8-01 | 0°05-0-01 
Between plants within temper- 41°73 4 10°43 2°85 | 0°05-0°01 
atures 
Error. ; ; : : 781-85 214 3°65 
Total . , ; : 90'7°00 219 
Between 5° and 15° 
Between temperatures . 139°14 I 139°14 2°47 0°2-0°1 
Between plants within temper- 459°92 8 56°24 | 12°79| <o-oor 
atures 
Error ‘ : : . | 1626-83 370 4°40 
Total . . : . | 2226°89 379 


























very poorly:  x?,3; = 22°68. The Poisson distribution based on the 
mean of 1-840 bivalents per cell gives a slightly better, but still very 
poor fit: x*/3; = 9°71, P 0:05-0:02. There are too many cells with 
16 univalents, and correspondingly few with one, or two bivalents. 


TABLE 5 


Endymion non-scriptus. Bivalent frequency at 20° (one plant) 





No. of bivalents per cell. o I 2 3 4 5 6 7 8 








No. of cells observed sf, 8s 22 20 19 8 4 I I te) 


No. expected (binomial) . | 12°36 | 29°53 | 30°87 | 18°44 | 6-89 | 1°65 | 0°25 | 0-02 | 0-00 



































No. expected (Poisson) . | 15°88 | 29:23 | 26-88 | 16-49 | 7°58 | 2:80 | 0°86 | 0-23 —) 





Barber (1941, 1942) showed that heat shocks given during the 
pairing process in Uvularia and Fritillaria resulted in proximal localisa- 
tion of chiasmata, which was interpreted as due to pairing being 
incomplete before the time limit for pairing expired. The present 
results can also be interpreted in terms of a time limit. At constant 
high temperatures the time available for pairing is greatly reduced, 
and before the time limit has expired either a large number of 
chromosomes, or none, has paired. 
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4. HYACINTHUS ORIENTALIS 


The differences in chiasma frequency between temperatures 
observed in Locusta and Endymion are of doubtful significance since 
this variation is small compared with the variation between replicate 
individuals at the different temperatures. To obtain a satisfactory 
result this variation between individuals must be very small and not 
significant, and the best chance of obtaining this is to use clonal 
material. Since the varieties of garden hyacinths are reputedly 
clones, this material was studied. 


Experimental details—The diploid variety Yellow Hammer was used in these 
experiments. Bulbs were obtained specially early in the season from a firm of 
commercial growers, and on 14th July 1952 the stem apex was found to have com- 
pleted the initiation of leaves, and the primordia of the lowest flowers were just 
evident. The optimum conditions for the development of the inflorescence and 
its elongation have been stated by Blaauw (1924), and in accordance with his 
findings the bulbs were placed at 25° C., and left there until 22nd August. Several 
bulbs were dissected on this date, and it was found that the lowest flowers of the 
inflorescence had slightly elongated anthers, but that pollen mother cells were not 
differentiated, and it is probable that another premeiotic mitosis had yet to take 
place. In the highest flowers the anthers were still very small and spherical in 
shape. Bulbs were transferred to temperatures of 1, 5, 10, 15 and 20° C., and some 
were left at 25°, and they remained there till the date of fixation. Throughout 
all this time the bulbs were kept dry in stout paper bags. 

Meiosis was not observed at 1° and 25°. Four bulbs were examined from each 
of the temperatures 10, 15 and 20°, and six bulbs at 5°. Two or three flowers were 
examined from each bulb. The dates of fixation were: 20°—4th October 1952 
(2 bulbs), 7th October (2 bulbs); 15°—30th September ; 10°—2oth October ; 
5°—7th January 1953 (4 bulbs), 14th January (2 bulbs). Chiasma frequencies 
were scored at Metaphase I. 


Chromosomes of diploid hyacinths —The chromosomes of hyacinths 
have been described by Darlington (1926), Stone and Mather (1932), 
and Darlington, Hair, and Hurcombe (1951). The diploid number 
is 16, and this comprises 4 pairs of long chromosomes, designated L, 
with median centromeres ; 2 pairs of medium-sized chromosomes, 
designated M, with sub-terminal centromeres; 2 pairs of short 
chromosomes, designated S, one with a sub-terminal and the other 
with a sub-median centromere. At Metaphase I, 4 L, 2 M, and 2S 
bivalents can be distinguished, but cannot be further differentiated. 
The mitotic lengths of the chromosomes were measured by Stone 
and Mather from Darlington’s illustrations. The mean lengths of 
each chromosome in the several classes are given by them as L 21 p, 
M 9p, 8S 5p. I have measured the chromosomes in a few cells and 
agree with these figures. 

Results—The results for the four temperatures are summarised 
in table 6. The highest chiasma frequency is attained at 20°, it is 
slightly lower at 15°, lower still at 10°, and very much lower at 5°. 
At 5° univalents are frequent in all chromosome classes, and 7-0 per 
cent. of cells had 16 univalents. 
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TABLE 6 


Hyacinthus orientalis (var. Yellow Hammer). Chiasma frequencies in pollen 
mother cells of plants stored at various temperatures 





° ° ° 


Temperature 20 15° 10 5 





Mean total Xta_ per | 18:27+0:181 | 17°:27-+-0°189 | 15*81-++0°203 | 7°13-++0°383 
nucleus of replicate | 18-80-+-0:177 | 18:23+0°181 | 15°86-+-0°188| 7:79-+0°350 











plants 19'10+0°197 | 18-g0+0-201 | 16+72+0°205| 8-56+0-400 
19°91 +0°195 | 18°83-+0-204 | 17°31-+0°290| 8+79+0°332 
10°10-+0°378 
10°49+0°361 
Weighted means . , 18°96 18°16 16°36 8-81 
Total no. of cells. ‘ 375 400 371 600 





Mean Xta per pair of 




















chromosomes 
; - 3°285, 3°155 2°808 1°470 
M : 4 é 1°758 1°654 1*509 0898 
eS. : : - 1*150 I°ll5 1°05! 0*568 
TABLE 7 


Hyacinthus orientalis (var. Yellow Hammer). Analysis of variance of total 
chiasma frequency per cell for plants at each temperature 






































Degrees 
Temper- Sum of of Variance| F P 
ature squares | ¢.edom 
20° Between plants. 119°34 3 39°78 | 4°34] O'1 -0°05 
Between flowers of plants 36-64 4 g'16 | 2°81] 0°05-0-01 
Error . : . | 1194°42 367 3°26 
Total . ‘ . | 1350°40 374 
15° Between plants. 126°55 3 42°18 | 11°75 | 0°05-0-01 
Between flowers of plants 14°36 4 3°59 
Error : : . | 1480°17 392 3°78 
Total . ; . | 1621-08 399 
10° Between plants. 132°27 3 44°09 5°01 | 0°05-0°01 
Between flowers of plants 35°21 4 8-80 2°37 0°05 
Error : . . + | 1349°56 363 3°72 
Total . : . | 351704 370 
5° Between plants. pe 5 168-24 | 9:28] o-o1-0-001 
Between flowers of plants 163-09 9 18°12 Iel5 >0-2 
Error , ; . | 9192°03 585 15°71 
Total . ; . | 10296°34 599 
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An analysis of variance for the plants and flowers at each temper- 
ature is given in table 7. The variances for the three highest 
temperatures are homogeneous, and we can make the following 
combined estimates :— 




















Variance D.f. F P 
Between plants at each temperature . 42°02 9 5°85 0°01-0°001 
Between flowers ofa plant. : 7°18 12 2°00 0°05-0°01 
Between cells (error) : : ‘ 3°59 1122 











It will be seen that variation between flowers of a plant is significant 
compared with variation between cells, except when the 15° data 
are analysed separately (table 7). 15° is the nearest temperature 
to that found by Blaauw (1924) to be the optimum for cell extension, 
viz. 17°. This suggests that the heterogeneity is the result of variation 
in development and differentiation at abnormal temperatures. But 
at 15°, as in the data as a whole, variation between plants is significant 
compared with variation between flowers of a plant, suggesting that 
in addition to environmental variation, and despite the supposedly 
clonal nature of the material, the plants are different in their chiasma- 
forming properties. Nevertheless, because of the magnitude of the 
temperature effect, the results for the different plants have been 
combined for each temperature. The variation between temperatures 
is greater than variation between plants at each temperature, except 
in the case of 15° and 20°. We note that at 5° both the variation 
between plants and the variation between cells are much greater 
than at the higher temperatures. 

Table 8 gives the numbers of bivalents per cell for each of the 
length classes of chromosomes for two plants, one at 5°, the other at 
10°. If is the probability that any one chromosome of its respective 
class will form a bivalent with its homologue, the expected numbers 
of cells with different numbers of bivalents will be given by the terms 
of the expansion of [p+(1—/)]* for the L chromosomes, and of 
[p+(1—p)]? for the M and S chromosomes. The maximum likelihood 
estimates of p and the expected numbers calculated therefrom are 
given in table 8. It will be seen that at 5° the observed frequencies 
agree very poorly with those expected from a binomial distribution : 
X*{2}= 27°66, P<o-oo1 for the L chromosomes, and x,,;= 8-29 and 
10°30 for the M and S respectively, P 0-o1-0-001. There are too many 
cells with either all univalents or all bivalents. We may say that within 
the time limit for pairing all the chromosomes or none of them will 
have made contact with their homologues and paired to a sufficient 
extent to form a chiasma. On the other hand, at 10° the observed 
frequencies of numbers of bivalents per cell agree very well with 

202 
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those calculated from the binomial expansion. The L chromosomes 
have the highest probability of forming a bivalent, the S chromosomes 
the least. 

Fig. 1 shows the relationship between chromosome length and the 
chiasma frequency per pair of chromosomes, that is, the quantity 
C/n, where C is the total number of chiasmata and n the number of 
pairs of chromosomes in a given chromosome length class for all the 
cells concerned. ‘The relation is strictly linear for 10° and 15° and 
nearly so for 20°. If chromosome length is x, the values of C/n for 


TABLE 8 
Hyacinthus orientalis (var. Yellow Hammer). Numbers of bivalents per cell for one 
plant at each of two temperatures. Values of p, the probability that two homologous 
chromosomes will form a bivalent, are substituted in the binomial expansions to give 
expected frequencies 
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L chromosomes M chromosomes S chromosomes 
Temper- | 
ature i‘ ae 

Oo I 2 3 4 oO I 2 to) I 2 
5° Obs. 9 ¥ 18 25 4! 26 35 39 46 322 
Exp. | 0°76 7:24 25°95 41°34 24°70 | 18:92 49°15 31:92 | 38:44 47°12 144 
p 0°705 0°565 0380 | 

10° Obs. ieee Lier << 2 98 ae 6 94 3 28 
Exp. 0:06 =3°88 96°06 0:09 «65°82 94°00 2°89 28:22 bbb 

p 0*990 0°970 0830 

















x =o (the chiasma frequency of a very small chromosome, or the 
probability of forming a chiasma in a very short segment of a long 
chromosome) calculated from the regression equations are 0:512-+0-031 
for 10°, 0:495+0-026 for 15°, and 0-528+0-026 for 20°. These 
values agree very well. The relation between chiasma frequency 
and chromosome length is not linear at 5°. However the line through 
only the L and M points cuts the line x = 0 at C/n = 0:467-+0-049. 
Hence the probability of forming a chiasma in a short segment is the 
same for the L and M chromosomes at 5° as for all the chromosomes 
at the higher temperatures. The point for the S chromosomes at 5° 
lies below the extrapolation of the L-M line. The value for x = 5 
on the L-M line is 0-707-+-0:036. The observed chiasma frequency 
of the S chromosomes is 0:568-++-0-079. For the difference between 
these ¢ = 3:45, P<o-oo1. 

If there are nj univalent pairs among the total of 2 pairs of 
chromosomes of a given size class in all the cells, C/(n—ng) is the 
chiasma frequency of the bivalents only. The relation between this 
quantity and chromosome length has been investigated, and it is 
linear at both 5° and 10° (fig. 3); that is, when univalents are 
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Fics. 1-2.—H)yacinthus orientalis (var. Yellow Hammer). 
144 Fic. 1.—The relation between chiasma frequency per pair of chromosomes (including 
univalent pairs) (C/n) and chromosome length (scale in microns at mitotic metaphase) 
a for each temperature. 
cold Fic. 2.—The relation between C/n and temperature for the L, M and S chromosomes. 
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Fic. 4.—-The relation between C/(n-n,) and temperature for the L, M and S chromosomes. 
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omitted the chiasma frequency of the S chromosomes at 5° agrees 
with that expected on the basis of length and the number of chiasmata 
in the L and M bivalents. The omission of univalents is thus a 
test of the hypothesis that the univalents are due to failure of 
pachytene pairing in the main, and that this mostly affects the § 
chromosomes. 

The quantity C/(n—ng) for the S chromosomes shows no systematic 
variation with temperature (fig. 4), and the systematic increase of 
C/n with temperature (fig. 2) must be due to the increased probability 
of forming a bivalent at the higher temperatures. Because of their 
length the S chromosomes are at a disadvantage compared with the 
M and L chromosomes in finding their partners and pairing to a 
sufficient extent to form a chiasma. At low temperatures a greater 
amount of the total time available for pairing is taken up by the 
first of these processes, and this reduces the probability of forming 
a chiasma in a very short segment when all the S chromosomes are 
considered together. 

The relation between C/n and chromosome length, at least for the 
longer chromosomes, presents a series of lines radiating from a point, 
with increasing slope for increasing temperature. This means that 
at the higher temperatures more complete pachytene pairing is 
facilitated. The extent to which the chromosomes become so paired 
with their homologues is proportional to their total length up to 15°. 
At 20° the point for the M chromosomes lies above a line through the 
S and L points. The M chromosomes, with sub-terminal centromeres, 
are thus paired to a greater extent, relative to their length, than the 
L chromosomes, which have median centromeres. A situation similar 
to this is known in Fritillaria (Bennett, 1938 ; Frankel, 1940). 

Deficient pachytene pairing at low temperatures (5° and 10°) 
is indicated at Metaphase I not only by the numerous univalents, 
but also by the proximal localisation of chiasmata, which is associated 
with procentric pairing in other Liliacee (Darlington, 1937 ; Barber, 
1941, 1942). Even at higher temperatures (15° and 20°), pairing is 
often incomplete in the L chromosomes, as shown by proximal 
localisation of chiasmata. 


5. DISCUSSION 


A pronounced effect of temperature on chiasma frequency was 
found in diploid Hyacinthus, but this is shown to be due to an effect 
of temperature on the process of chromosome pairing prior to pachytene. 
Probably the result can be interpreted entirely in terms of such an 
effect, without need to invoke any other phenomena. These experi- 
ments, and the effect of high temperature (20°) in Endymion, illustrate 
the profound physiological effect of temperature on chromosome 
pairing, which was also strikingly shown by the heat shock experiments 
of Barber (1941, 1942). 

No conclusive evidence has been found of an effect of temperature 
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on chiasma frequency within paired regions of chromosomes. There 
was some indication of a temperature at which chiasma frequency has 
a minimum value in Locusta and Endymion. The difference in un- 
weighted mean chiasma frequency in Locusta between 1° and 25° is 
about 0-8. The three smallest bivalents have invariably one chiasma ; 
this leaves eight bivalents among which the effect if real is shared. 
The most extreme loci showing any temperature effect would then 
differ in recombination frequency by (0-8 x50)/8 = 5 per cent. This 
is a similar value to the difference in recombination between ) and 
pr in Drosophila, which is 6-3 units over the range 9° to 22° (Smith, 
1936). However the result in the present experiments is not statistically 
significant because of the great variation in chiasma frequency between 
replicate individuals at the one temperature. Heterogeneity in chiasma 
frequency between randomly sampled individuals of a population is 
a widespread and important phenomenon (Elliott, 1953). The 
reputedly clonal material of an old-established variety of hyacinths 
failed to satisfy the condition that replicate individuals should be 
homogeneous in chiasma frequency. Possibly the members of a 
newly-established clone would be, less heterogeneous. For future 
work on this problem it would be essential to establish a population 
homogeneous in chiasma frequency under fixed conditions. 


6. SUMMARY 


1. The conflicting results of previous experiments on the effect 
of temperature on crossing-over, or the uncertainty of their meaning 
in terms of an effect on chiasma frequency, makes necessary an 
investigation of the cytological problem of the effect on chiasma 
frequency of different temperatures constant throughout the whole 
of meiosis. 

2. No effect of temperature on chiasma frequency could be 
established in Locusta migratoria (Orthoptera) over the range 1°-37° C., 
or in Endymion non-scriptus (Scilla non-scripta) (Liliacee) over the range 
1°-15°, since the replicate individuals at each temperature were 
heterogeneous in chiasma frequency, and the variation between 
temperatures was insignificant compared with variation within 
temperatures. 

3. High temperature (20°) in Endymion leads to reduced chiasma 
frequency as a result of failure of chromosome pairing at pachytene. 

4. In a diploid variety (Yellow Hammer) of Hyacinthus orientalis 
(Liliacez) decreasing temperature below 20° results in a progressive 
reduction in chiasma frequency, but this effect is shown to be due 
largely, if not entirely, to failure of chromosome pairing at pachytene. 


Acknowledgments.—I wish to thank Professor D. G. Catcheside, to whom I am 
indebted for suggesting the problem, and Dr H. W. Howard, for their encourage- 
ment, advice and criticism. 
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|. INTRODUCTION AND HISTORY OF THE MATERIAL 


Tue dependence of induced chromosome structural change on the 
genotype is clear wherever, as has often been observed (see Koller, 
1954), different individuals show different frequencies of change 
after subjection to the same treatment. Indeed it is sometimes possible 
to go further and relate the occurrence of spontaneous structural 
change—breakage, reunion and so on—to unbalance of the genotype 
resulting from wide hybridisation (as in Bromus ; Walters, 1951) or 
forced inbreeding (as in rye; Lamm, 1936; Miintzing and Akdik 
1948). The present report deals with a new example of structural 
change found at meiosis in a strain of inbred rye. Its consequences 
are sufficiently few and simple to make a detailed analysis possible, 
and the abnormality has a further and special interest in the differ- 
entiation it reveals along the chromosomes. 

The inbred line, since the 23rd generation, has been continued 
as two sub-lines, P13 and P14. When these sub-lines were first 
examined, in the 27th generation, they were found to differ in chromo- 
some behaviour at meiosis (Rees, 1955). In plants of P13 there was 
much fragmentation and bridge formation at first anaphase, whereas 
plants of P14 had little. There was also, in conjunction with the 
breakage in P13 a lower terminalisation of chiasmata at first metaphase. 
These differences must be attributed either to mutation or to residual 
heterozygosity of the parent line. 

The following is an account of meiosis in P13. 


2. BREAKAGE AND INTERPRETATION 


At first metaphase less than 10 per cent. of the total breakage is 
detectable. Free chromosome fragments lie off the metaphase plate 
in about 1 per cent. of p.m.c. (fig. 15), and in about another 5 per cent. 
bivalents are deformed by breakage and reunion superimposed upon 
chiasma formation (figs. 1a-f, plate figs. 1 and 2). 

Breaks in metaphase bivalents are of the B” (chromosome) type, 
since each break involves both sister strands of a chromosome. The 
rarity of acentric fragments at metaphase suggests that the breakage 
takes place after pairing, 7.e. during pachytene before splitting. 

The manifestation of a break at metaphase depends on the broken 
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ends being forced apart by the normal repulsions acting on an abnormal 
structure (fig. 2), and this happens when :— 


(i) the break is between the centromere and a chiasma, or 
(ii) the break is between two chiasmata. 


va 








b c e! F 


d 


Fic. 1.—a. MI with breakage adjacent to the centromere in one bivalent. Acentric held 
by distal chiasma. 6-e. Bivalents with breaks near to the centromere. /f. Intercalary 
break between two chiasmata. X 2100. 


As a result of this distortion, bivalents become asymmetrical (see 
fig. 1). They are similar to those produced by X-raying pachytene 
chromosomes in Uvularia (Darlington and La Cour, 1953) ; and in 
Uvularia, as in rye, the broken chromosomes release few, if any, 
fragments before first anaphase (see also Haque, 1953). The majority 
of breaks become detectable only at anaphase, when the fragments 
are released and bridges appear. The broken pieces until then are 
held, undetectable, in the bivalents. Rare associations of three or 
four chromosomes in p.m.c. of three plants in P13 can be interpreted 
either as B” or B’ (chromatid) breaks followed by interchange. 

Table 1 gives the distribution of free fragments at first and second 
anaphases in p.m.c. of two plants. Occasional fragments remain 
attached by chiasmata at first anaphase (fig. 4c) and this probably 
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is why the relative frequencies of fragments at second anaphase are 
greater than at first anaphase in the two plants. In table 2 are the 
frequencies of fragments with and without bridges. Bridges without 
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Fic. 2.—Diagram showing the consequences of B” breakage with sister reunion at pro- 
phase. Breaks between the centromere and a chiasma, or between two chiasmata are 
manifest at first metaphase. Others show up only as bridges and fragments at anaphase. 
First division and second division bridges follow equational and reductional separation 
respectively at the point of breakage. 


























fragments, resulting from splitting errors, are not included in the 
table. They comprise about 5 per cent. of the total bridges at first 
anaphase. 

The sequence of events, breakage and sister reunion, postulated 
to account for these observations is represented in fig. 2. Reunion 
in centrics gives rise to the anaphase bridges, which will appear with 
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the fragments at the first anaphase when the distribution of chiasmata 
in the broken bivalents is such as to make separation at the breaks 
equational. Elsewhere, with reductional first division separation, the 
bridges show up at the second anaphase. 


TABLE 1 


The frequency distributions of fragments in p.m.c. at 
AI and All in two plants 














No. of AI fragments No. of AIT fragments 
Plant 
o I 2 3 4 oO I 2 3 4 
P13! 47 | 43 5 I 0 39 | 22 9 I I 
P13? 44 14 5 0 0 35 18 2 2 0 






































Under these conditions, it is clear that a chiasma proximal to a 
break with sister reunion cannot terminalise. Terminalisation will 
be limited by the formation of lateral chiasmata (figs. 3, 4a, 6). Since 
the majority of breaks as we shall see are near to the ends of the 
chromosomes, we would expect the average terminalisation value to 
be reduced. When we compare P13 with P14, which is relatively 


DIPLOTENE M* 


\ 


Fic. 3.—Diagram showing the formation of a lateral chiasma, and the arrest of terminalisa- 
tion following prophase breakage and reunion. 


normal, we do in fact find a significantly lower terminalisation value 
accompanying the breakage in P13. The terminalisation was scored 
for this comparison as the proportion of terminal chiasmata to the 
number of bivalent arms paired. The mean values are 0-62 for five 
plants in P13 and 0-78 for five plants in P14. After transforming these 
proportions to angles, using Fisher and Yates’ table, a test of significance 
can be made, and this gives a probability of less than o-oor. 
Breakage in P13 is not accompanied by any alteration in chiasma 
frequency, the values for P13 and P14 showing no significant difference. 
In other cases of natural and induced meiotic breakage a change in 
chiasma frequency is often associated with breakage (see Darlington 
and La Cour, 1953). Abnormal proximal chiasmata in some P13 
bivalents (see Rees, 1955) may be secondary consequences of the 
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disturbance causing breakage, though occasional chiasmata are 
proximal in P14, and in other lines without breakage. 

This interpretation of the structural change assumes that all 
anaphase as well as metaphase configurations are consequences of 
single B” breaks. Certainly, only such B” breaks could account for the 
asymmetrical metaphase bivalents. It is, however, conceivable that 
some of the anaphase configurations might arise from other causes. 
If they do, the evidence indicates that these alternative causes, at 
most, account for only a small proportion of the fragments and bridges 
at anaphase. These alternatives are :— 


(1) Pairing is between non-homologous chromosomes, i.e. intra- 
haploid (see Darlington, 1937). Intra-haploid pairing is extremely 
unlikely in P13 in view of the relatively high chiasma frequency 
(about 1-8 per bivalent) indicating efficient pairing. 


DPQr 
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Fic. 4.—a, 6. Bivalents at early anaphase each with a lateral chiasma, a bridge and a 
fragment. The fragment has been released in a, but not in 6. c. AI following B’ 


breakage and reunion between the centromere and a chiasma in one bivalent. The 
acentric is held by the chiasma. X 2100. 





(2) P13 plants are heterozygous for a number of inversions. A 
high degree of inversion heterozygosity after 29 generations of in- 
breeding would be remarkable, and it is ruled out on the following 
grounds. First p.m.c. of all twenty F, plants between P13 and three 
other lines are normal at anaphase: bridges and fragments appear 
in less than 1 per cent. of cells. Secondly, since all P13 plants have 
many fragments and bridges in p.m.c. this would imply that all P13 
plants were structural heterozygotes, and consequently that the 
structural homozygotes were lethal. But the closely related P14 
plants have no, or rare, anaphase bridges and fragments. They are 
not lethal and yet they are more or less completely homozygous with 
regard to chromosome structural arrangements.* 

* In Chorthippus (Darlington, 1936) anaphase bridges and fragments were attributed 
to inversion crossing over. Darlington, however, pointed out that not all cells examined 


at pachytene showed inversion pairing. Some of the fragments and bridges therefore 
may well have resulted from the kind of B” breakage described in this paper. 
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(3) Multiple B” breaks occur before pachytene producing numerous 
inversions, followed by normal crossing over to give rise to bridges 
and fragments. This is also unlikely in view of the normality of the 
progeny on outcrossing P13. 

(4) Normally paired chromatids break and reunite in the form of 
chiasmata with inverted crossing over (see Darlington and La Cour, 
1953). We cannot entirely rule out inverted crossing over with 
normal pairing, but the following evidence shows it could at most be 
rare. In P13, where more than two chiasmata never form in one arm, 
an inverted cross over could give rise to a second division bridge only 
when a normal chiasma is proximal and disparate in relation to it. 
In the plant P13', the proportion of arms with two and with one 
chiasma is 19: 227 (in twenty p.m.c.) which corresponds to the 














TABLE 2 
The frequencies of fragments with and without bridges at AI and AII 
Al All 
Plant 
br+f f cells br+f f what p-m.c. 
P13! | II 5 28 13 34 72 
P13° | 17 7 77 4 24 66 




















maximum proportion one would expect of fragments with bridges ai 
second division to those without bridges. The observed proportion 
is significantly larger, 13 : 34 (P = <o-oo1). Similarly in P13? the 
maximum expected is 5 : 239, and the observed 4 : 24 (P = <o-001). 


The relative excess of second anaphase bridges is also good evidence | 


against (2) and (3). Upcott used the same type of analysis in 1937. 

We are clearly justified in the assumption that predominantly, 
if not entirely, B” breakage of the kind represented in fig. 2 accounts 
for the abnormalities at all stages. We can thus confidently extend 
the analysis to a more detailed consideration of the observations. 


3. REUNION 


Acentrics.—At first anaphase in P13 more than 95 per cent. of 
the fragments do not divide, so that SR occurs in at least 95 per cent. 
of acentrics. 

Centrics.—In centrics the degree of SR was estimated by comparing 
the proportions of fragments and of bridges per p.m.c. (obtained 
from table 2). The proportions of fragments, in view of the attachment 
by chiasmata and consequent uncertainty of scoring of some acentrics 
at first anaphase, were calculated from second anaphase data. 

In centrics bridges from SR can show either at the first or at the 
second anaphase. To estimate SR therefore the proportions of 
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bridges at each anaphase are summed. The total in P13! is 0°57. 
The proportion of fragments is 0-65. We see that bridges per p.m.c. 
are almost as frequent as fragments. Clearly SR in centrics, like 
acentrics, approaches completeness. In P13%, the proportion of 
bridges is 0:28 and fragments 0-42. SR, though less than in P13}, 
is still of a high order (about 70 per cent.). These values most probably 
underestimate SR in centrics, because short bridges break at early 
anaphase and are liable to be unrecorded. 

This high proportion of bridges to fragments also indicates that 
if single chromatid breaks occur to produce fragments, they must be 
comparatively few. Otherwise, fragments would greatly exceed 
bridges, for with single B’ breaks there are no anaphase bridges. 

In P13! and P13* about 70 per cent. of the fragments at first 
anaphase are accompanied by a bridge (table 2). With B” breaks 
and SR this implies equational separation at the break in about 


TABLE 3 
The length distribution of acentrics measured at AII (30 cells) 





Length in pw . - O - 15 = 30 - 45 - 60 - 7°55 - go - I11°5 


Fragments. , 19 2) 2 I o oO I 








70 per cent. of cases. Since most breaks as will be shown are near 
the chromosome ends, this order of separation is exactly as one would 
expect with a chiasma frequency of between o and 2 per arm in P13, 
with a mean of just less than 1. 


4. THE DISTRIBUTION OF BREAKS 


With breakage at random, equal numbers of breaks would be 
expected in all regions of the chromosomes. The actual distribution 
of breaks, which can be deduced from fragment size (table 3), differs 
significantly from this expectation (P = <o-oo1). Small fragments 
are in excess. The average arm length of rye chromosomes is 4°5 u 
at second anaphase. With B” breakage at random and SR, which 
approaches completeness, the average length of acentrics expected 
at second anaphase is about 4:5 wu. The value observed is less than 
2p. Breakage, it appears, is localised towards the ends of the chromo- 
somes. Alternatively, if the breakage is at random, restitution must 
be favoured proximally. Either way there is no doubt of spatial 
differentiation.* 

While the anaphase data establish a pronounced distal localisation, 
it would appear from two sets of metaphase observations that a region 

* In Tulipa (Darlington and Upcott, 1941) an excess of “‘ minute ” fragments produced 
by spontaneous breakage was attributed to intercalary double breaks and not to distal 
localisation. In Tulipa, however, the circumstances were different; (1) breakage per 
nucleus was high, and (2) “‘ minute ”’ acentrics showed an absence of SR. Neither condition 


holds for rye and therefore the small average size of the fragments must reflect distal 
localisation. 
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of secondary localisation lies immediately adjacent to the centromeres, 
Thus, in one plant, 7 out of 12 asymmetrical bivalents (in 146 p.m.c.) 
have broken at this point, and 5 out of 6 breaks (in 134 p.m.c.) in 
another plant (figs. 1a, b, d, e; plate fig. 2). 

There is evidence that prophase damage induced by X-rays is 
localised in certain cases (La Cour, 1953; Rees, 1953), but time of 
breakage is not limited for non-spontaneous localised breakage : some 
chemicals and irradiations cause localised breaks in the resting stage 
(see Koller, 1954). 

A natural breakage described by Haga (1953) in Paris is in many 
ways similar to that in rye. The breakage, predominantly B” with 
a high degree of SR, produces asymmetrical bivalents at metaphase 
and bridges and fragments at anaphase. 

In rye and Paris the distribution of breakage, mainly distal and 
proximal respectively, corresponds in general with the localisation of 
chiasmata in the two species. It would appear therefore that similar 
factors may influence both the breakage and chiasma formation. 
Indeed it may well be that the distribution of breaks, as well as of 
chiasmata (see Darlington, 1935), corresponds with the distribution 
of torsion at pachytene. 


5. INHERITANCE AND GENE ACTION 


Each of fifteen P13 plants examined over the past three generations 
exhibits breakage : evidently the sub-line breeds true. On the simplest 
view the divergence from P14 could be interpreted as a single gene 
mutation. On crossing P13 with other lines the F,s are normal at 
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anaphase, with rare or no bridges and fragments. At metaphase | 


asymmetrical bivalents were found in rare p.m.c. in four out of twenty 
F, plants. In an F, raised from one cross only one out of twenty-two 
plants showed evidence of breakage other than by bridges and frag- 
ments in exceptional p.m.c. (an average of less than one per cent.). 
Consequently, if a single gene mutation is primarily responsible for 
the divergence, then its effect must be highly sensitive to its genetic 
background in view of its low penetrance in F,. There is, therefore, 
no doubt that the abnormality is influenced by at least two genes, 
probably many. 

The localisation of the breakage, whether we attribute it to (1) 
mechanical or physical differences along the chromosomes, which are 
becoming increasingly well known (e.g. Lima de Faria, 1952), or (2) 
chemical differences in the chromosome matter, reflects the specificity 
of gene effect within the nucleus, and emphasises the phenotypic 
aspect of chromosome differentiation. 


6. SUMMARY 
1. A type of chromosome breakage in inbred rye (line P13) is 
genetically determined. Breakage is interpreted as B” (chromosome), 
probably during pachytene. SR (sister reunion) in acentrics 
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Plate 
1,2. MI’s each with an asymmetrical bivalent following breakage 
between the centromere and a chiasma. X 2100. 
g. Sister AII’s with a short bridge (left) and a long fragment (right) as a result of breakage 


with reunion near to the centromere, with reductional separation at the break at AI. 
x 1160. 
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approaches completeness. In centrics SR is approximately 70 per 
cent. in one plant and almost complete in another. 

2. About 5 per cent. of the breaks are visible in metaphase bivalents, 
when the broken ends are forced apart. This happens when the 
break is (i) between the centromere and a chiasma, or (ii) between 
two chiasmata. 


3. The 95 per cent. of breaks distal to chiasmata show up at 
anaphase when the acentrics are released and the centrics form 
bridges. 

4. After breakage and reunion in distal segments of the bivalents 
terminalisation of chiasmata at first metaphase is limited by the 
formation of lateral chiasmata. 


5. Crossing experiments indicate that more than one gene controls 
the abnormality. 


6. Breakage is localised mainly away from the centromeres towards 


the ends of the chromosomes, agreeing closely with the distribution of 
chiasmata. 


Acknowledgments.—We are indebted to Professor C. D. Darlington and Professor 
K. Mather for helpful criticism. 
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THE INHERITANCE OF VARIEGATED FLOWER 
COLOUR IN DELPHINIUM AJACIS 


G. W. P. DAWSON 
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Received 19.iv.55 


SomE years ago Dr D. G. Catcheside kindly supplied me with seeds 
of a strain of Delphinium ajacis. The strain includes plants that differ 
in the colour of their sepals. In some plants the sepals are pink, in 
others the pink is spotted, streaked and sectored with blue, and 
occasionally on such plants wholly blue flowers or, even more occasion- 
ally, wholly blue inflorescences are found. These variegated plants 
have sectors of the sepals, or occasionally whole flowers or inflorescences, 
that are pink, without any blue spots or streaks. These plants are 
similar in appearance to those described by Sirks (1950). The presence 
of pink sectors in the variegated flowers distinguishes the strain from 
that described by Demerec (1931). The difference between a plant 
with pink flowers and one with variegated flowers may, not unreason- 
ably, be attributed to a stable gene ( ) for pink pigment in one and 
a similar but unstable gene ( p*) that could mutate to either the stable 
allele ( p) or to an allele ( p*), that gives rise to the production of a 
blue pigment, in the other. 

The numbers of pink and variegated pink offspring obtained when 
a variegated pink plant was crossed with a pink plant and when it 
was self pollinated were :— 

















| Variegated | Pink | Blue Total 
pink 
Variegated pink x pink. : | 73 108 I 182 
| Pink x variegated pink . | 106 210, | I | 317 
| 
Variegated pink @ : | 59 37 | 3 | 99 





If we assume that the genotype of the variegated pink parent was 
p*p and that of the pink parent was pp we must conclude that the 
data show significant deviations from the expected classical mendelian 
ratios. It is, however, interesting to note the agreement between the 
backcross data and the selfing data. If we calculate the proportions 
of effective embryo sacs with p*, p and p? genes in the unstable pink 
parent from the first backcross and the corresponding proportions of 
effective pollen grains from the second backcross, it is then possible 
409 2302 
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to calculate the expected numbers of the different types of offspring 
from the selfing. 








| 
—— | Pink | Blue Total 
itis Spams = ee = 2 = See fee Z 
| | 
Variegated pink @)—Obs.  . 59 37 3 99 
| | 
Exp. . 59°23 38-92 0°85 | 99 














It was shown that p* mutates to p’ in the germ line by pollinating 
a pink plant with pollen from a wholly blue flower of a variegated 
plant. 








Dash | | | 
| Vane? | Pink =| «= Blue =| © Total 
| } 
r | 
Pink x blue flower of variegated | 36 164 52 252 
pink | | 
! 








The large proportion of offspring with blue flowers indicates that 
many of the pollen grains arose from the same mutant tissue from 
which the blue sepals developed. The effective ratio of p* and p’ to 
p pollen grains (88 : 164) is almost identical to that of the similar 
cross using pollen from a variegated flower (107 : 210). 

Similarly when a pink plant was pollinated with pollen from a 
wholly pink flower of a variegated plant, there is an excess of pink 
plants among the offspring. 








| | | | | 
| : | | 
—" Pink | Blue | Total 
| eer = See 
Pink x pink flower of variegated | 49 | 136 | 5 190 
pink | { 
| | | 
Cf. pink x variegated pink 106 210 | I | 37 
! | a 








Thus it would appear that * mutates to p and to f’ in the germ 
line as well as in the somatic tissues of the sepals. Further it would 
appear that the germ line is not ‘a distinct line of cells but may be 
derived, at least in part, from the same tissue that gives rise to the 
sepals. As would be expected one occasionally finds flowers with 
wholly blue sepals that do not have a high proportion of p’ pollen 
grains and conversely variegated flowers that do have a high pro- 
portion of p’ pollen grains—results that can be interpreted in terms 
of the spatial limits of the p’ mutant tissue. 
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If the blue mutant plants among the offspring of the pink x blue 
flower of variegated pink cross are the result of mutations of p* to 
p® then they should have the genotype p’p. Seven such blue plants 
were self pollinated and the offspring consisted of 53 blue and 12 pink 
plants, which is in good agreement with the expected 3:1 ratio. 
The absence of any variegated pink offspring supports the theory that 
the variegation is due to an unstable allele of pink that itself mutates 
to an allele which determines the formation of blue pigment, rather 
than being due to a gene at another locus that determines the high 
mutation of the p gene. 

All the data so far quoted are derived from crosses involving only 
two plants—one pink and the other bearing mainly variegated but 
also some wholly pink and some wholly blue flowers. Similar crosses 
involving other plants have confirmed these results ; the only variation 
being in the degree of departure from the expected classical mendelian 
ratios. 

These breeding data are very different from those of Sirks (1950). 
His data led him to assume that his variegated pink plants were 
permanent heterozygotes and the variegation due to somatic segrega- 
tion. In particular he found no variegated pink plants which bred 
true. The theory based on the present data leads one to expect 
variegated pink plants, p*p*, which breed true except for the occasional 
blue mutant and the even more occasional self pink mutant. Such 
plants have been found. It is clear that the strain studied here is 
different genetically from that of Sirks. 

Other plants of this strain have lavender sepals which are spotted, 
streaked and sectored with blue. Some of these plants were crossed 
with pink and of the 116 offspring 62 were pink variegated with 
blue, 48 were lavender and 6 were pink. The interesting feature being 
the complete absence of any variegated lavender plants. Thus we 
may tentatively assume that lavender is an allele of p and we can 
symbolise it by ’. The variegated lavender plants would thus have 
the genotype p*p’, the p* tissue formed by the mutation of p* showing 
through the lavender of the sepals as blue spots and sectors. While 
admitting that one may be studying closely linked loci, at present 
there is no evidence to show that the four genes, p, p*, p’, p’ are not 
alleles. Their dominance relationships can be expressed in the 
following way :— 


* 
pr>T> b 


Another type of variegated flower is one which has pink sepals 
which are marked with rose. These markings range from what can 
best be described as a mottling, to distinct streaks and sectors. It 
may be that these markings are to be interpreted in terms of an 
unstable gene, but if so, there is no evidence that it mutates in the 
germ cells. At present it may be regarded as a simple character 
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determined by a recessive gene (m). This is illustrated by the following 
data—all the pink parent plants are heterozygous for mottled (Mm). 




















Pink Mottled pink Total 
Pink x mottled pink ‘ ; : 151 143 294 
Mottled pink x pink : : : 86 81 167 
Pink @ - ; : ‘ : 420 13 554 
Mottled pink. : , <si o 2 208 
| 








The data clearly demonstrate the simple mendelian inheritance of 
the mottled character. 

To test whether the p and m were closely linked, plants of genotype 
p*pMm were self pollinated and crossed with plants of genotype 
ppmm. The mottled character is usually distinguishable on a blue 
background as purplish markings. 











| | 
| 2 | 
ia Variegated : 
— | Pink pink vies d Blue ee Total 
ae mottled = _ 
an + (PERE e Meee ee eel! I eh 
p*pMmx ppmm . | 33 | 31 34 36 I o 135 
ppmmx p*pMm . | 23 | 28 | 21 32 0 I 105 
| 

p*pMm @® : | 33 | me II ; ie oO I 58 




















The good bifactorial ratios indicate the absence of close linkage 
between the p and m loci. In these crosses the deficiency of variegated 
pink plants appears to be much less than in the previously described 
crosses involving this character. 


SUMMARY 


1. The genetics of a strain of Delphinium ajacis with variegated 
flowers has been investigated. The breeding data suggest that there 
is an unstable gene for pink flower colour that mutates to a stable 
gene for pink flower colour and to a stable gene for blue flower colour. 
These mutations occur in the developing sepals and in the cells that 
give rise to the embryo sacs and pollen grains. 

2. Further data indicate the presence of a recessive gene for 
mottled pink flowers that is not linked to the unstable gene for pink 
flower colour. 
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FURTHER DATA ON LINKAGE BETWEEN SHORT-EAR 
AND MALTESE DILUTION IN THE HOUSE MOUSE 
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Department of Genetics, Cambridge University 
Received 1.iv..55 


Amoncst this laboratory’s stocks of inbred mice maintained segregating 
in several factors are two (lines 4 and 17) segregating for the very 
closely-linked genes short-ear (se) and Maltese dilution (d). Inbreeding 
has been carried on in both of these lines with backcrosses in coupling 
for this pair of genes and to date, the following linkage data have 
accumulated. 























Sex of Offspring | as 
Source — —_—__— ) —| Total | (segregation) 
Sed ++ se+ | +d | 
| 
= ‘Se Gears meen = ee = 
Line 4 Q | 477 | 551 o | o 1028 5°33 
336 | 416 2 |} I 755 | 8-51 
| | 
Line 17 3 562 | 609 I I 1173 | 1-89 
465 | 512 Ke ho @ 978 | 2°26 











The segregation ratio, short-ear dilute versus normal mice, is 
independent of the sex of the heterozygous parent and is not significantly 
different in the two inbred lines. It is only in line 4, however, that 
there is a significant deficiency of short-ear dilute mice, a deficiency 
which can be attributed to the lower viability of homozygous short- 
ear animals (Snell, 1928). Six crossovers observed in a total of 3934 
gametes yield as an estimate of the recombination value, 0-00152+ 
0-00062. 

Castle, Gates, Reed and Snell (1936) have given comparable 
linkage data from coupling backcrosses and Snell (1928) has reported 
data collected by Miss Copeland and himself from repulsion back- 
crosses as follows : 























| | 
Sex of Offspring ie 
Source — | es Genet Gone Total (segregation) 
| sed ++ | se+ | +d 
Castle et al. (1936) 2 | 792 827 | o | 2* | 1621 0°76 
3 | 68 67 | I | 0 | 136 o-01 
Snell (1931) 2 | o I 482 536 | 1019 2°86 
3 0 0 57 | 64 121 | 0°40 
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In these data, four crossovers were found in 2897 gametes, giving as 
an estimate of the recombination value, 0-00138-+0-00069, a value 
which is slightly lower than but not significantly different from that 
reported above. 

The two long-eared dilute mice found by Castle et al. occurred in 
the same litter and were taken by those authors to be identical twins. 
However, Stevens (1937) has shown that pairs of identical twins, if 
they occur at all in mice, are not more frequent than about seven per 
thousand, a frequency comparable with that of crossing-over between 
the short-ear and dilution loci. 

On the basis of the recombination value, the new data given above 
tend to support the view that the two long-eared dilute mice of Castle 
et al. were independent cross-overs rather than identical twins. 

On this view, the combined data show ten crossovers in 6831 
gametes, yielding for the estimate of the recombination value for 
short-ear and dilute, 0-00146-+-0-00046. For the separate sexes, the 
estimates of the recombination value are 0:00136-+0:000175 in 
females and 0:00166--0:00262 in males. 
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NOTE ON DIOECY IN THE CRUCIFERAE 


A. J. BATEMAN 
Christie Hospital and Holt Radium Institute, Manchester 
(British Empire Cancer Campaign Fellow) 

I have just learnt that there is one known exception to the assertion in 
my paper, “‘ Self-incompatibility systems in angiosperms. III. Cruciferae ”’ 
(Heredity, 9, 53-63) that there was no dioecy in that family. Dr E. J. Godley, 
of the Crop Research Division of New Zealand, has kindly drawn my 
attention to Lepidium sisymbrioides Hook., which he knows from direct 
observation to be dioecious. This fact was first noted by Kirk (1899) in 
Studies in the Flora of New Zealand, but it was overlooked by Prantl. Thus 
we find that the predominantly inbreeding genus Lepidium also has an 
outbreeding species, though its outbreeding mechanism is alien to the rest 
of the family. 

Two alternative explanations occur to me. Firstly, whilst self-incom- 
patibility was present early in, if not at the origin of the family, ZL. 
sisymbrioides might represent the secondary evolution of outbreeding from 
inbreeding ancestors. 

Secondly, the sex-determining factor might have arisen directly from 
the S-gene. Such a process was envisaged by me in 1952 (Heredity, 6, p. 297, 
case G). In an isolated population with the Crucifer type of incompatibility 
and too few alleles for it to function properly (a minimum of two), there 
would be selective pressure towards such a solution. Capsella grandiflora, 
if it really has only three alleles, has just missed such a situation by one 
allele. 
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EXTRA-NUCLEAR INHERITANCE IN 
DROSOPHILA MELANOGASTER 


A. DURRANT 
Dept. of Agricultural Botany, University College of Wales, Aberystwyth 


Sternopleural chaeta number and fecundity have been studied to determine the 
causes of variability normally remaining in inbred lines although these may have 
been sibmated for several hundreds of generations. In the two lines examined a 
large part has been found to be due to changes in the physiological activity of the 
female parent during egg laying, each individual receiving from the parent a 
physiological rating which determines its physiological activity, adult character 
and egg laying characteristics. 

These effects can persist into the next generation or later, depending upon what 
appears to be a balancing effect of fecundity—e.g. excess egg laying (therefore 
high fecundity) results in eggs of low physiological activity which yield flies with 
low chaeta numbers ; similarly, ignoring other factors, flies with high fecundity 
may be expected to produce flies with low fecundity. 

Changes in parental environment, categorised as random, consistent, autonomic 
and periodic, affect the fecundity and general physiological activity of the flies. 
Hence it is not difficult to alter directionally the character of the offspring by 
changing the environment of the parents, although the parents tend to adapt 
themselves to the changed conditions to maintain as far as possible uniformity of 
offspring. 


CORRELATION BETWEEN GRAFTING AND HYBRIDISATION 
IN THE GENUS TRIFOLIUM 


ALICE M. EVANS 
Welsh Plant Breeding Station, Aberystwyth 


Previous workers have shown that Trifolium is a genus displaying very little 
interspecific compatibility ; hence any new methods which would make possible 
species hybridisation are worthy of trial. Michurinist geneticists in the U.S.S.R. 
claim that ‘‘ vegetative rapprochement” can be used for making distant crosses 
compatible. In consequence the present investigation was made into the possibility 
of applying such grafting methods in the genus Trifolium. 

Reciprocal grafts were made between selected species and it was found that 
some scions developed normally, others were stunted, while others died very soon 
after grafting. Where the grafts succeeded, hybridisations between stock and scion 
were attempted and the success of these hybridisations was compared with that 
obtained by crossing ungrafted plants. It became evident that grafting prior to 
crossing did not increase the chances of successful hybridisation. 

However, the data shows that there is a strong positive correlation between 
stock/scion compatibility on the one hand and sexual compatibility on the other. 
The significance of these results will be discussed and also the value of the grafting 
technique for determining which species are likely to hybridise. 
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SELECTION AND POPULATION STRUCTURE IN LOLIUM 


J. P. COOPER 
Welsh Plant Breeding Station, Aberystwyth 


The outbreeding group, Lolium rigidum, L. italicum and L. perenne, contains a wide 
range of locally adapted populations. All are diploid (2n = 14) and interfertile, 
and the recent history of the agronomic strains is well documented. 

The genetic structure of one such population, Irish Commercial ryegrass, is 
discussed here. This local strain has been grown for commercial seed production 
for over 60 generations, and plants have consequently been selected whose develop- 
mental responses result in a high seed yield in the first harvest year. Flowering 
behaviour is uniform under the range of environments usually encountered, and 
little variation is apparent between different stocks. 

This phenotypic uniformity conceals considerable genetic variation. Not only do 
individuals differ in the developmental paths by which they attain uniformity of 
heading behaviour, but most plants are heterozygous for genes controlling flowering 
responses. 

A similar genetic structure is revealed in the annual Wimmera ryegrass and in 
Kent Indigenous perennial ryegrass, which are quite distinct agronomically. These 
populations, also, have been stabilised phenotypically by selection, but still contain 
much potential genetic variation. 


THE ROLE OF POPULATION CYTOLOGY IN 
EVOLUTIONARY STUDIES 


K. JONES 
Welsh Plant Breeding Station, Aberystwyth 


The analysis of chromosome number, form and behaviour in natural populations 
is the most efficient method of ‘assessing both the cytological constitution of the 
species and the type and evolution of its breeding system. Less intensive studies, 
involving few and often unrelated plants, may well overlook the cytological variation 
inherent in many species’ and its significance in the future development of the 
group. 

A start has been made on the population cytology of Holcus mollis (2n = 28) 
Dactylis glomerata (2n = 28), and Anthoxanthum odoratum (2n = 20) and already it 
becomes clear that a reconsideration must be made of certain methods of cyto- 
taxonomic investigation and of some evolutionary concepts. 

In the main a distinction must be made between the cytology of artificially 
raised seedlings and that of population plants where the one shows the potential 
variability and the other the effect of natural selection. In Holcus the chromosome 
numbers of experimental seedlings are quite different from those of population 
plants whilst the good seed set and good seed germination give a false picture of 
the importance of sexual reproduction in the propagation of the species. 

Studies in Dactylis and Anthoxanthum show differing degrees of hybridity selection 
in the two species whilst their high degree of quadrivalent formation despite the 
action of natural selection leads to the conclusion that they, along with other species 
of a similar type, do not evolve towards complete bivalent formation. 
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GENE FREQUENCIES IN THE CULTIVATED SWEET CHERRY 


W. WILLIAMS 
John Innes Horticu!tural Institution, Bayfordbury, Hertford, Herts. 


The cultivated ‘cherry population carries gene frequencies far in excess of what 
would be expected on the basis of chance. No apparent phenotypic expression, 
that might account for advantage under selection, can be attributed to the genes 
concerned. To account for these findings it is argued either that the sweet cherry 
in cultivation has originated from a narrow genetic pool, or that the chromosome 
regions involved, affect fruit quality in one of many ways, thereby conferring a 
selective advantage on the genotype. In either case it becomes clear that major 
genes showing such effects can be of direct assistance in predicting the value of 
parental combinations in a breeding programme. 


PHENOTYPIC VARIATION IN THE ‘‘ NOTCHED EARS’ AND 
““SINGED COAT ’’ CHARACTERS IN CATTLE 


J. E. NICHOLS 
Dept. of Agriculture, Aberystwyth 


Cases of cattle showing notches in the ears at birth have been previously recorded, 
together with evidence that the condition is one of simple dominance. Supporting 
evidence to this has recently become available in other breeds and cases in the 
College herd of Ayrshire cattle will be available for inspection to illustrate the 
variation which occurs. 

A condition involving disturbed development of the coat fibres over varying 
areas of the body has been encountered in a breed of beef cattle ; there is pre- 
sumptive evidence that it is attributable to recessive gene action, and from examina- 
tion of a limited number of cases it may be postulated that its variable expression 
may involve time reaction effects. 
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